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ABSTRACT 


The  primary  objective  was  lo  obtain  and  evaluate  experimental  data  of  the  basic  thermal  phe¬ 
nomena  associated  with  the  nuclear  and  thermonuclear  explosions  detonated  between  5  May  and 
22  July  1856  at  the  Pacific  Proving  Grounds  (PPG).  The  phenomena  of  interes  were  those  of 
significance  in  the  prediction  of  the  thermal  radiant  exposure  and  irradiance  at  a  point  in  space 
as  a  result  of  a  surface  or  low-altitude  nuclear  explosion. 

An  array  of  suitable  instrumentation  was  placed  in  each  of  four  aircraft  for  data  acquisition 
from  medium  and  high  altitudes  over  the  point  of  deb-nation.  Records  of  radiant  exposure  and 
irradiance  were  obtained  fronc  calorimeters  and  radiometers  aimed  directly  at  the  fireball, 
aimed  toward  the  water  underneath  the  aircraft  (albedo  study),  and  aimed  away  from  the  fire¬ 
ball  (backscatter  study).  Filters  wer  used  with  many  of  these  thermal  Instruments,  yielding 
data  covering  various  parts  of  the  visible  and  near-infrared  spectrum.  Spactral  data  from  the 
detonation  was  obtained  with  modified  N-9  gun  sl{;;ht  aiming  point  camuras  employing  an  Air 
Force  Cambridge  Research  Center  spectroscopic  nosepiece;  photographic  records  were  secured 
by  similar  cameras  aimed  at  the  detonation  site  or  its  environment. 

Thermal  and  photographic  data  for  10  events  and  spectral  da-a  for  11  events  were  analyzed. 

The  thermal  records  reaffirm  the  reduced  transmission  of  radiant  energy  in  the  near  infra¬ 
red  because  of  absorption  by  water  vapor  and  carbon  dioxide. 

An  equation  for  predicting  the  radiant  exposure  on  a  horizontal  surface  and  its  modificatlor. 
to  a  surface  oriented  n  irnuil  to  the  fireball  (Reference  1)  was  tested  against  the  collected  data 
and  was  foe  id  lo  satisfactorily  predict  the  radiant  exposure.  A  simplified  equation  is  also  pre¬ 
sented  and  tested  against  the  data.  The  uniform  meteorological  conditions  accompanying  these 
tests  allow  the  use  ot  the  simpler  equation. 

Comparison  between  the  air  drop  event  (Cherokee)  and  a  barge  shot  of  similar  yield  (Zuni) 
indicated  no  significant  differences  in  the  irradiances  or  radiant  exposures  measured  at  the 
aircraft. 

Measurements  of  the  backscattered  radiaLtion,  where  available,  were  found  to  be  two  or 
three  orders  of  magnitude  lower  than  the  radiant  energy  receiveif  directly  from  the  fireball, 
with  the  exceiAlon  of  a  single  Instrument  reading  on  a  single  event  on  which  the  B-52  flying  in 
severe  cloud  conditions  measured  50-percent  backscatter  into  the  cockpit. 

The  spectral  histories  of  all  events  appear  quite  slmUar,  regardless  of  the  yield;  a  large 
amount  of  NO|  la  formed  quite  early  and  persists  throughout  the  entire  event. 

The  photographic  records  from  cameras  having  various  fields  of  view  were  take!:  at  64 
frames/ sec  on  16-mm  hlgh-resolutton  emulsions,  from  aircraft  at  slant  ranges  on  the  order 
of  several  kUometer  s  from  surface  z-^ro.  Each  record  covers  the  entire  thermal  pulse.  The 
cameras  were  paired  utilizing  Infrared  (0.70  to  0.90  micron)  and  blue  (0.35  to  0.45  micron), 
and  linearly  polarized  (vertical  and  iwrizontal,  0.40  to  0.70  micron)  filter  systems.  The  pri¬ 
mary  Intensity  Inform  tlon  was  gained  from  microdensitometer  traces  of  each  negative  strip; 
further  Information  came  from  size  measurements  on  the  film  and  from  qualitative  observation 
of  the  developing  phenomena. 

Such  ancillary  features  as  the  Wilson  cloud,  plume,  and  bright  spots  appearing  near  shock 
wave  breakaway  were  found  to  perturb  the  thermal  output  by  less  than  15  percent.  The  air 
shock  appears  to  ittenuate  the  blue  light;  the  shocked  volume  is  visible  in  the  Infra  red  because 
of  scattering  from  the  denser  air.  No  polarization  phenomena,  other  than  the  expected  differ¬ 
ence  in  specular  scattering  from  the  urdisturb*  d  ocean  surface,  were  resolved. 

It  was  found  that  an  attenuating  mantle  ( d)8orptlon  shell)  surrounds  the  fireball  from  after 
breakaway  until  the  end  of  the  thermal  put  e.  This  shell  develops  to  a  thickness  of  about  a 
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fourth  of  the  firt'baii  ratJius;  it  it;  r.omewtial  moro  stnmgly  ulti'nuatlii}.-  ui  Iht'  bluo  lluiii  fntho 
infi  arud.  Properlict?  of  this  abso^^)in^^  s'wll  surh  as  dimonslona  versus  time  and  effeet  on  lie 
darkening  (decrease  in  brightness  toward  the  edges  of  the  fireball)  are*  discussed. 

Aureole  (air-scattered)  light  is  found  to  be  an  order  of  magnitude  rriore  intetise  than  tin  light 
reflected  from  the  unshocked  water  surface.  h>r  the  typical  moist  atmospheric  conditions  at  the 
PPG.  This  aureole  is  wistte  and  un|X)larized.  The  shock-froth  all)edo  is  about  12  times  the  un- 
shocked  water  albedo.  In  general,  the  tfdal  red  light  r«'flev'ted  or  scattered  Into  the  tyi»ieul 
camera  iields  of  view  —  from  aureole,  clouds,  and  water  —  was  about  equal  to  the  direct  flux 
Jroni  the  fireball.  Most  of  this  was  scattered  from  the  shock-frothed  water,  The  blue  albedo 
was  lower,  presumalily  because  of  the  air  shock  attejsuatlon.  Furthermore,  the  blue  fireball 
showed  considerably  more  limb  darkening. 

Both  air  rhock  and  fireball  dlnrtensions  were  found  to  obey  the  predicted  scaling  laws.  Tin  re 
is  evidence  that  the  firebidl  surface  temperalure  is  not  symmetric  with  azimuth  in  some  cases, 
3  8  the  thermal  flux  appears  higher  from  certain  (large)  regions. 

Reprouuctions  of  several  series  of  photographs  containing  different  views  of  Shot  Dakota 
(1.1  Mt)  are  presented,  as  well  as  a  typical  series  for  each  of  the  other  d*  donations  hiving 
photographic  covei'ige;  the  photographs  are  disensued. 

Suggestions  for  the  further  analysis  of  existing  data  and  for  improved  data  acquiuitton  from 
futui  i.  .ests  are  presented. 
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FOREWORD 


This  r«  port  prt'sents  thr  fiiuii  rosults  of  ouo  of  tho  projorls  pai  tiripatinp  in  the  military  cffci't 
programs  of  Oporation  Redwing.  Ovfrall  infornutiun  alsout  this  and  the  other  military-effect 
projects  can  be  obtained  from  WT-1344,  the  “Summary  Report  of  the  Commander,  Task  Unit 
3."  This  teciuUcal  summary  Includes;  (1)  tables  li.sting  each  detonat  ion  with  its  yield,  type, 
environment,  meteorological  conditions,  etc.;  (2)  maps  showing  shot  locations;  (3)  <liscussions 
of  results  by  programs;  (4)  summaries  «>f  objectives,  procedures,  results,  etc  ,  for  all  projects; 
and  (r>)  a.  listing  of  project  re{>arts  fur  the  military-i  ffect  programs. 
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Chapter  1 
INTRODUCTION 


In  the  deltnttion  of  the  ciipabUities  of  preaent-day  hlgh-perforn  nee  aircraft  to  deliver  nuclear 
weapons  of  high  yield,  thermal  radiation  apptvai^s  to  be  the  limiting  criterion.  In  order  to  pre¬ 
dict  the  thermal  effects  of  a  n  clear  ejqplosiorj  on  aircralt  structures,  it  Is  first  necessary  to 
be  able  to  predict  the  intensity,  wavelength  dlfttrlbution,  and  time  irradtancy  relationship  of 
the  thermal  radiation  incident  upon  critical  .surfaces,  which  may  have  any  orientation  and  loca- 
ion  in  space. 


1.1  OB  ECTIVES 

The  prlniary  objective  was  to  obtain  and  evaluate  experimental  data  of  the  basic  thermal 
phenomena  associated  with  the  nuclear  and  thermonuclear  explosions  detonated  between  5  May 
and  22  July  1986  at  the  Pacific  Proving  Grounds  (PPG).  This  data  was  to  be  obtained  from 
airborne  instrumentation. 

The  phenomena  of  interest  were  those  of  significance  in  the  prediction  of  the  thermal  radiant 
exposure  and  Irradlance  at  a,  point  in  space  as  a  result  of  a  nuclear  explosion. 

The  phenomena  Included:  (1)  fireball  geometry,  Including  size,  Bhap<;,  and  rate  of  rise; 

(2)  fireball  characteristics  as  a  thermal-  energy  source,  including  black-body  quality,  emls- 
sivity,  and  color  temperature;  (3)  albedo  effects  of  the  earth's  surface  and  of  clouds;  (4)  effects 
of  shadowing  of  the  earth’s  reflecting  surface  (decrease  in  effective  albedo  at  smaller  angles  of 
incidence  because  of  surface  roughness)  and  the  obscuration  by  the  fireball;  (5)  degree  to  which 
the  emitted  thermal  radiation  is  anisotropic;  (6)  effects  due  to  scattering  and  absorptk:  i  as 
functions  of  wavelength;  and  (7)  variation  of  the  isq)i‘ct  U  distribution  of  the  thermal  energy  in 
the  vlslblt  region  as  a  function  of  time  from  the  first  minimum  to  about  10  times  the  time  to 
the  second  maximum. 

1.2  BACKGROUND  AND  THEORY 

With  the  advent  of  thermonuclear  weapons,  thermal  radiant  exptjsure  became  one  oi  the 
limlt'ng  factors  in  the  delivery  capability  of  aircraft.  In  the  preliminary  estimate  of  tht  rmal 
inputs  to  be  received  by  the  delivery  airciaJt  (Reference  1),  many  assumptions  and  approxima¬ 
tions  were  necessary  because  of  lack  of  data  and  the  difficulty  of  any  analytical  solution.  Many 
significant  parameters  can  be  iovestlgated  adequately  only  at  a  hiu  lear  test  opt  atlon,  (Thes* 
parameters  are  listed  as  the  objectives  of  this  project.) 

Methc.ds  used  to  predict  the  thermal  radiant  exposure  received  at  a  point  in  space  consider 
such  parameters  as  fi/eball  size,  shape,  rate  of  rise,  and  color  temperat  ire  Addit«onal  fac¬ 
tors  are  the  albedo  effects  of  ch..  ds  and  of  the  earth’s  surface,  atmospheric  effects  oi  scatter  ¬ 
ing  and  water  vapor  absorption,  and  variation  of  spectral  distritxition  as  a  function  of  time, 
yield,  and  height  of  isirst,  11  these  additional  factors  are  neglected,  the  following  equation  for 
an  airbur.Ht  Is  obtained  (Reierences  1  and  2): 
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Q  -  3.77  X  10^  (W*  “/d*) 


Wh  re:  Q  -  radiant  exposure,  cal/cm* 

W  ^  weapon  yield,  kt 

d  -  distance  between  fireball  center  and  receive- ,  ft 

In  Reference  1,  consideration  of  some  of  the  above  mentioned  factors  rKsult^’d  in  modifica¬ 
tions  to  the  basic  equation  as  follows: 

Qg  "  %  [Fv(Tv  cos  e  +  Ty'  or)  +  Fjji  (ThT^  cos  e  +  Tjj'  T^'py)]  ^  (1-2) 

Where:  Qe  =  thermal  radiant  exposure  on  a  horizontal  receiver,  cal/cm* 

On  =  thermal  radiant  exposure  on  a  receiver  oriented  normally  to  a  radial  from 
the  fireball  center  in  a  vacuum,  cal/cm* 

A  -  fraction  of  the  total  thermal  energy  released  in  cither  the  hemispherical  or 
spherical  fireball  phase  ^Figure  7  in  Reference  1) 

Fy  =  fr;^ction  of  the  total  thermal  energy  in  the  visible  region  of  the  spectrum 
from  0.3  to  O.V  micron 

Fir  -  fraction  of  t(.e  total  thermal  energy  in  the  infrared  region  in  the  explosion 
radiation  spectrum  at  wavelength  greate  than  0.7  micron 

cos  8  =  cosine  of  the  angle  between  the  vertical  through  the  fireball  center  and  the 
slant  range  iUte 

Ty  ~  fractional  tiansmission  due  to  scattering  in  the  visible  region  for  the  direct 
radiation 

Ty'  -  fractional  transmission  due  to  scattering  in  the  visible  region  for  the 
ground -reflected  radiation 

T||  ^  fractional  transmission  due  to  scattering  in  the  mze  layer  over  the  entire 
spectrum  for  the  direct  radiation 

Tji'  »  fractional  transmission  due  to  scattering  in  the  haze  layer  over  the  entire 
spectrum  of  the  explosion  radiation  for  the  reflected  radiation 

«  fractionsd  transmission  in  the  infrared  region  of  the  explosion  spectrum  due 
to  water  vapor  absorption  of  the  direct  radiation 

>  fractional  transmission  in  the  infrared  region  of  the  explosion  spectrum  due 
to  water  vapor  absorption  of  the  reflected  radiation 

p  average  ground  albedo  (Table  5  In  Reference  1) 

y  -  r<«tio  of  the  ground-reflected  energy  per  unit  area  on  a  horizontal  receiver 
to  the  direct  energy  per  unit  area  on  a  receiver  oriented  normally  to  a 
radial  from  the  fireball  center  at  a  particul-r  point  in  space,  In  vacuum, 
for  unit  albedo  and  for  either  a  surface  hemispherical  or  an  air  spherical 
firebali  (Tables  7  and  8  in  Reference  1). 

Equation  1.1  was  deveh  ped  as  a  asonably  .aiid  analytical  expression  for  treating  all  air, 
surface,  and  intermediate-  height  bursts  with  yields  of  SOO  kt  or  less.  Although  this  equation 
seems  to  give  results  that  are  in  better  agreement  v  Hh  test  lata  t^Jln  other  methods,  many 
parameters  have  received  only  curs  iry  conslderatloi  In  consequence,  it  was  determined  that 
Air  Force  Cambridge  Research  Center  (AFCRC)  participation  during  Operation  Redwing  was 
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deairable  to  acquire  additional  data.  The  desirability  of  combining  etforts  with  the  Wright  Air 
Development  Center  (WADC)  aircraft  weapon-elfect  projects  was  obvious.  The  utilization  of 
Naval  Radiological  Defense  LalMiratory  (NRDL)  instrumentation  and  calibration  facilities,  to 
avoid  costly  duplication  and  to  permit  correlation  with  the  results  of  previous  tesis,  was  also 
desirable.  Conferences  including  representatives  of  WADC,  NRDL,  and  AFCRC  established 
the  test  plan.  It  was  agreed  thsit  the  breakdown  of  responsiblllttes  in  tills  effort  would  be  .  s 
follows: 

1.  AFCRC  would  assume  responsibility  for  the  technical  aspects  of  the  basic  thermal  por- 
tlon  of  the  operation  on  four  WADC  aircraft  (B  47,  B-52,  B-57,  and  B-66),  and  serve  as  tech¬ 
nical  consultants  to  WADC  and  NRDL.  Specifically,  AFCRC,  with  assistance  from  Edgerton, 
Cermet  lausen  and  Crier,  Inc.  (EG4G),  would  determine  correct  film,  filters,  lenses,  exposure 
times,  and  film-transfer  rates.  The  reduced  thermal  data  would  be  analyzed  by  AFCRC  for 
Information  on  the  parameters  outlined  in  the  objectives  of  this  project. 

2.  WADC  would  provide  funds  for  NRDL  equipment  and  services,  N-9  gun  slghi  aiming  point 
(GSAP)  cameras,  recorders,  amplifiers,  and  control  circuits.  The  WADC  contractors  would 
Install  and  flight-check  the  instrumentation. 

3  NRDL  would  supply  the  radiometers  and  calorimeters,  make  electrical  and  thermal 
caJib  ations  before  and  after  the  test,  and  carry  the  data  reduction  through  the  tabulating,  plot¬ 
ting,  and  correction  phases. 

4.  All  agencies  concerned  would  provide  necessary  personnel  at  the  test  site. 

Thus,  the  desired  data  would  be  available  as  results  from  the  calorimetric,  radiometric, 
photographic,  and  spectrographk  recordings  from  each  event. 

It  was  espected  that  much  of  the  information  desired  would  be  obtained  from  the  film  records 
at  the  OSAP  cameras.  From  20  to  35  cameras  were  utilized  on  each  event,  Sbme  were  filtered 
to  obtain  fireball  pictures  In  the  blue  portion  of  the  spectrum  (3,400  to  4,500  A)  or  In  the  red 
(5,800  to  8,800  X).  Other  earner  s  were  equipped  with  spectroscopic  attachments  developed  at 
AFCRC  to  crt>tain  spectral  distribution  information  as  a  (unction  of  time  in  the  spectr^itl  region 
from  3,200  to  0,000  A.  More  detailed  information  of  the  instrumentation  appears  elsewhere  in 
this  report. 

Densttometric  measurements  of  the  fireball  films  would  provide  an  Illumination- versus-area 
record  of  thermal  radiation  sources  within  the  fields  of  view  of  the  instrumentation,  supplement¬ 
ing  the  spectrographic  and  calorlmetrk  data. 

Analysis  of  the  spectral  data  would  give  information  on  color  temperature.  If  the  fireball  is 
.assumed  to  have  black-body  qualities,  the  spectral  distribution  of  its  radiant  energy  can  be 
characterized  by  an  effective  color  temperature,  i.e.,  the  temperature  at  which  the  relative 
intensity,  as  a  function  of  wavelength,  Is  distributed  according  to  Planck’s  law  of  radiation, 

Planck’s  law  of  radiation  can  be  approximated  by  Weln’s  formula  when  A  T  «  3,000  micron 
degrees,  as  follows: 

log  I  a‘  -  (  -  0.4343  c/XT)  +  log  K  (1.3) 


Where: 


I  =  Intensity  of  radiation  per  unit  wavelength 
X  -  wavelength,  microns 
T  •  temperature,  *K 
c  1.4385  X  10^  micron  degr'^es 

K  >  a  constant,  the  numerUal  v  tue  of  which  depends  on  the  units  of  I  and  X  . 


B  Intensity  measurements  are  corrected  (or  absorption  of  the  air  by  extrapolation  to  zero 
distance,  they  should  follow  the  above  law.  Therefore,  a  straight-line  fit  to  a  plot  of 
0.4343  c/X  versus  log  I  X*  six  dd  have  a  slope  equal  to  —  1/T. 
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Chapter  2 


PROCEDURE 


2.1  OPERATIONS 

The  two-atoll  (Bikini  and  Eniwetok)  arrangement  at  the  PPG  and  the  wide  variation  of  weapon 
yields  compounded  the  problem  of  properly  instrumenting  each  aircraft  for  each  event  of  the 
operation. 

2.1.1  Thermal  Measurements.  Aircraft  positions  were  obtained  from  the  individual  projects 
as  soon  as  possible^  Instrument- sensitivity  selections  were  made  utilizing  a  combin  tion  of  ex¬ 
trapolation  of  Operation  Castlr  data  an^i  the  nk^thod  of  Refe  'ence  1,  as  reduced  to  a  Tomograph 
form  for  Operation  Redwing  (Reference  2).  The  NRDL  personnel  furnished  the  instruments  to 
the  individual  contractor  for  installation  and  accomplished  the  prefltglU  electrical  calibrations. 
After  the  event,  the  individual  contractor  performed  initial  data  reduction. 

2.1.2  Photographic  Coverage.  Following  the  establishment  of  aircraft  positions,  a  detailed 
photographic  plan  was  accomplished.  Some  variations  of  the  basic  camera  configuration  were 
made  to  take  advantage  of  aircraft  positions.  Films,  lenses,  filters,  camera  speeds,  and  aper¬ 
ture  settings  were  selected.  Film  requirements  were  given  to  Task  Unit  5,  which  assisted  in 
the  field  effort  by  providing  loaded  nvagazlnes,  processing  exposed  film,  repairing  damaged 
cameras,  and  servlr?  in  a  consultative  capacity.  Cameras  were  prepared  and  furnished  to  the 
individual  contractor  for  Installation.  Installation  was  accomplished  on  the  evening  of  D-  1  day 
or  the  morning  of  D-day.  After  the  event,  the  film  was  returned  to  Task  Unit  5  for  processing. 
The  film  was  reviewed  by  project  personnel  for  qualitative  analysis  of  results.  Films  were 
then  returned  to  the  continental  United  Etntes  for  further  processing  and  analysis. 

2.2  PLANNED  SHOT  PARTICIPATION 

The  coverage  of  basic  thermal  m'?aav,v«iments  from  aircraft  was  quite  extensive  in  the  num¬ 
ber  of  aircraft  Involved,  the  numbc  of  tn*!irument8  per  aircraft,  and  the  number  of  events  In 
which  the  aircraft  participated. 

Participation  was  planned  for  every  event  in  which  any  of  the  four  aircraft  carrying  Project 
5.7  instrumentation  participated,  although  in  several  cases  the  aircraft  were  positioned  for  other 
than  tt«rmal  effects.  The  planned  participation  for  the  operation  is  given  in  Table  2.1,  and  the 
event  statistics  are  given  in  Table  3.2. 

Partial  Instrumentation  for  a  backup  ground  station  was  planned  to  cover  all  events,  except 
Shots  Yuma  and  Osage. 

2.3  INSTRUMENTATION 

Twenty-one  channels  of  thermal  information  were  recorded  on  each  aircraft.  In  addition, 
the  B~47  and  the  B-S2  were  Instrumented  to  measure  the  thermal  radiation  that  would  be  back- 
scattered  to  the  cockpit.  This  tnstru mental loti  Is  dlsrusU'jd  later  In  this  report. 

Eighteen  channels  recorded  the  outputs  of  sensors  lo>  ated  In  the  tali  section  of  each  aircraft 
(Station  1,  Fl:;ui  e  2.1).  These  sensors  were  preset  on  the  ground  to  point  at  the  fireball  during 
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the  thermai  puiae  and  were  suitably  filtered  to  obtain  broadband  spectral- distribution  informa¬ 
tion,  Various  fields  of  view  (21"  to  160°)  were  utilized. 

The  three  remaining  sensors  of  the  basic  instrumentation  were  oriented  vertically  to  the 
earth’s  surface  and,  located  In  the  lower  fusc’-ige  of  each  aircraft  (Station  2).  Tiie  purpose  of 
this  instrumentation  was  to  measure  the  thermal  radiant  exposure  incident  upon  a  horizontal 
surface.  Each  one  of  these  sensors  was  fashioned  with  a  hemispherical  filter  that  had  a  160" 
field  of  view.  Two  of  these  filters  were  of  quartz,  which  transmits  nearly  all  oi  the  spectrum 
(essentially  0.2  to  4,5  microns),  and  the  other  was  of  red  Jena  glass,  which  transmits  princi¬ 
pally  in  the  ^nfrared  (0.7  to  2.5  microns).  Because  of  the  proximity  of  these  instruments  to 
each  other  and  to  other  obstructions,  one  of  the  quartz  160"  filters  on  each  aircraft  was  re^ 
placed,  for  the  last  few  events,  with  a  90°  filter.  This  was  accomplished  to  assist  in  the  eval¬ 
uation  of  effects  of  obstructions  within  the  field  of  view  of  the  Inntruments.  In  the  case  of  the 
B-57,  it  was  possible  to  add  the  90°  instrument  without  removing  a  ltO°  instrument. 

Each  of  the  aircraft  carried  some  additional  thermal  instrumentation  that  was  not  provided 
for  within  the  scope  of  Project  5.7.  This  instrumentation  consisted  of  two  thermal  sensors 
located  within  the  radome  of  each  aircraft..  Hie  B-47  also  had  a  c  lorimeter  oriented  at  right 
angles  to  the  sensors  In  Station  1  ajid  another  mounted  vertically  in  the  left  rear  horizontal 
stabilizer. 

In  addition  to  the  thermal  sensors.  N-9  GSAP  cameras  were  used  in  these  two  slat  ons  In 
each  aircraft.  Two  cameras  were  located  in  the  lower  fuselage  (Station  2)  with  the  same  orien¬ 
tation  as  the  three  thermal  sensors.  These  had  a  large  field  of  view  and  obtained  photographs 
of  the  albedo  surface.  Six  cameras  were  located  in  the  tail  instrumentation  section  (Station  1) 
of  each  aircraft  and  were  pointed  at  the  fireball.  Four  of  these  were  of  primary  interest  and 
were  fitted  with  red  and  blue  filters  to  obtain  photographs  in  the  spectral  regions  of  0.34  to  0.45 
and  0.88  to  0.88  micron.  Lenses  were  selected  to  obtain  as  large  a  fireball  image  as  possible 
but  with  some  conservatism  because  of  the  pointing  errors  that  it  was  reasonable  to  expect.  In 
the  case  of  the  B-S7  and  the  B-66,  two  of  the  four  cameras  were  equipped  with  the  spectroscopic 
attachment.  The  purpose  of  the  other  two  cameras  was  to  provide  information,  in  the  field,  of 
the  aircraft  orientation  with  respect  to  the  fireball.  Although  these  cameras  were  the  respon¬ 
sibility  of  the  individual  aircraft  project,  the  film  was  of  value  to  this  project.  Arrangements 
were  made  for  AFCRC  to  be  provided  with  the  original  negatives  and  with  prints  of  timse  films. 

In  addition  to  th<  cameras  Included  here  in  the  basic  instrumt  ntation,  there  were  other  cam¬ 
eras,  on  three  aircraft,  which  were  incorporated  as  the  ;jroject  progressed.  These  Included 
one  camera  in  the  backscatter  mount  on  the  B-47  (Station  3),  two  addltloial  cameras  on  the 
B-52  In  the  caniera  housing  aft  of  the  cockpit  (Station  4),  and  four  to  six  additional  cameras  on 
the  B-86  in  Station  2.  The  additional  cameras  on  the  B-47  and  B-52  were  installed  to  provide 
photographic  coverage  of  the  thermal  backscatter  instrumentation.  The  additional  camera 
mounts  that  became  available  on  the  B-86  were  utilized  to  provide  additional  coverage  between 
the  directions  of  the  radial  to  the  fireball,  and  vertically  down.  Information  on  the  additional 
cameras  is  furnished  later. 

More  detailed  iiiformatlon  of  the  baste  instrumentation  in  Stations  1  and  2,  Inciuiling  fleld- 
of-vlew  and  filtering  Information,  Is  given  in  Table  2.3.  In  some  instances,  more  than  one 
Instrument  ha  1  the  same  field  of  view  and  filter  in  order  to  cover  a  sensitivity  range. 

2.3.1  Rac  ometers  and  Calorimeters.  The  calorimeters  and  radiometers  were  furnished 
by  HRDL  In  several  sensitivity  ranges  to  cover  all  anticipated  input  valuers.  Calibration  of 
these  instruments  was  accomplished  by  NRDL,  before  arid  after  the  operation,  by  the  utiliza¬ 
tion  of  standard  techniques.  The  installation  was  accomplished  by  the  aircraft  proje^-ts’  con¬ 
tractors,  in  each  case,  under  the  cognizance  ol  NRDL  and  AFCRC.  This  irn'ormatlon,  with 
but  one  exception,  was  recorded  on  Consolidated  recorders.  The  B  47  backsc.  tter  information 
was  recorded  on  an  Ampex  814  nugnetic  tape  rec».'rder.  This  resulted  from  the  lack  of  oscil¬ 
lographic  channels  at  the  time  the  requtremejit  for  the  backscatter  measurements  arose.  The 
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calorimeter  outputs  frequency-modulated  a  carrier  Irequency  over  a  30-kt’  maximum  range. 

A  dc  amplifier  was  utilized  to  amplify  the  signals  (which  were  of  the  order  of  1  mv)  to  the  order 
of  a  volt,  as  required  for  the  recorder  input.  The  recorder  response  was  10  kc  per  volt. 

2.3.2  Photographic.  The  N-9  GSAP  cameras,  supplied  by  WADC,  had  been  modified  by 
in  accordance  with  criteria  furnished  by  Cook  Research  Laboratory.  These  camev 

ave  a  focal  plane  and  a  0.001-  second  shutter,  employ  16-mm  perforated  flim,  and  opeti.  at 
64  frames/ set.  The  j  irpose  of  the  modifications  tvas  to  eliminate  nonsssential  features  that 
had  been  found  to  be  tne  source  of  certain  malfunctions.  Personnel  of  EGliG  checked  all  cam¬ 
eras  lor  proper  running  condition  and  collimated  the  desired  lenses  with  each  camera;  the 
camera  speed  was  checked  over  a  range  of  temperatures  and  battery  voltage  variations,  and 
found  to  be  within  acceptable  limits.  It  was  found,  however,  that  occaslonaliy  In  field  operation 
the  shutter  opening  time  varied  somewhat  (order  of  25  percent)  from  frame  to  frame;  this  point 
will  be  discussed  later. 

The  cameras  were  mounted  at  Station  1  of  the  aircraft.  Four  to  six  of  these  cameras  were 
located  in  the  tall  section  of  the  four  aircraft,  and  were  adjusted  before  the  flight  to  point  at 
the  expected  position  of  the  fireball.  Lenses  were  selected  to  obtain  as  large  a  flreljall  image 
as  possible,  with  the  reservation  that  a  considerable  pi  mtlng  error  was  lo  be  expected.  Lenses 
with  10-mm,  17  mm,  and  2S-mm  focal  lengths  were  used;  these  were  collimated  and  carefully 
shimmed  for  sharp  focus.  The  field  of  view  of  the  10-mm  lenses  is  61°  by  43.5”;  of  the  i7-mm 
lenses,  35.5”  by  25.5”;  and  of  the  25-mm  lense'S  24.5”  by  17.5”.  The  lenses  were  stoiqied  to 
apertures  between  f/5.6  and  f/22. 

The  cameras  were  operated  in  pairs,  in  that  either  infrared  and  blue  filters,  or  horiaontal 
and  vertical  linear  polarizers,  were  used  on  alternate  cameras  having  lenses  with  the  same 
fecal  length.  The  blue  filters  (Jem  BG-12)  and  the  polarizers  (Tiffin  type)  were  used  with 
Kodak  80-1,112  Mlcrofile  fin-  grain  (~300  llnes/mm)  film.  With  the  infrared  (Jena  RG-8) 
filters,  a  slow-speed  infrared  film,  Typi'  IV-N  (~120  llnes/mm)  wao  used.  These  systems 
will  henceforth  be  referrei^  to  as  Red,  Blue,  and  Polaroid.  In  addition,  some  of  the  series 
were  filtered  by  Jena  NC-3  neutral-density- 1  filters. 

The  overall  spectral  reqx>n8e  of  these  systems,  in  absolute  units,  is  shown  in  Figure  2.2. 
These  curven  were  compounded  from  the  spectral  response  of  the  emulsions  as  furnished  by 
the  manufacturer  and  from  the  measured  (with  a  spectrophotometer)  response  of  the  filters 
and  polarizer.  Since  it  was  found  that  the  helots  of  the  attenuation-wavelength  curves  of  the 
neutral  density  filters  were  subject  to  considerable  variation  (presumably  they  vary  in  thick¬ 
ness),  the  curves  are  to  be  regarded  as  represematlve  only.  The  Red  sensitivity  extends 
from  6,800  to  9,000  A,  and  the  Blue  sensitivity,  which  is  less  clearly  delineated,  from  about 
3,800  to  4,500  A.  The  equivalent  ASA  speeds  of  these  film-filter  8yat>  mb  (less  the  neutral 
density  filters)  are  about  1. 

2.3.3  Sjiectrographlc  histrumentatlon.  The  spsctrographlc  Instrumentation  consisted  of 
16-mm,  N-9  motion-picture  cameras  m^Uied  by  the  addition  d  AFCRC  snectroscoplc  attach¬ 
ments.  The  assembled  Instrument  is  shown  in  Figure  2.3  and  an  exploded  view  in  Figure  2.4. 

The  spectroscopic  attachment  employed  a  Bausch  and  Lomb  3-prism  dispersing  element  and 
associated  lenses.  A  second  type,  developed  to  extend  the  spectral  coverage  (3,200  to  9,000  A), 
utilized  a  grUilng  for  the  dispersing  element. 

The  former  attaclunent  consisted  of  a  silt,  rolltmating  lens,  and  a  S-prism  Amici  dispersing 
element.  The  slit  is  of  the  step  variety  consisting  of  five  steps  whose  widths  vary  logarithmi¬ 
cally  'rom  10  to  800  microna.  The  widths  were  chosen  to  give  equally  spaced  ejqpoBures  along 
the  “ti  and  It*  curve  of  the  emulsion;  thus,  it  was  possible  to  determine  the  relative  intensity 
response  of  the  film  at  each  wavelength  on  each  frame  of  data  This  Is  necessary  for  obtaining 
a  fair  degree  of  accuracy  In  the  measurrinent  of  thi?  relative  Intensity  as  a  function  of  wave¬ 
length  by  holding  to  a  minimum  the  errors  Introduced  by  nonuniformities  In  the  emulsion  awl 
film  processing. 
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The  collimating  leas  is  a  cemented  achromat  with  7-mm  diameter  and  35-mm  focal  length. 
The  Amici  prism  manufactured  by  the  Bausch  and  Lomb  Opt>cal  Company,  is  a  typical  one 
composed  cl  two  •  rown  glass  prisms  and  one  flint  glass  prie  n  properly  orientated  to  give  a 
st  aight-through  or  direct-vision  system  In  the  spectral  region  of  4,000  to  6,000  A. 

A  shade  and  an  opal  disk  placed  before  the  silt  provide  a  simple  means  of  varying  the  field 
of  view  of  the  Instrument  as  well  as  assuring  uniform  illumination  along  the  length  of  the  slit. 

A  filter  holder  placed  between  the  prism  and  camera  lens  allows  for  the  nsertlon  of  neutral 
density  filters  for  extending  the  range  of  the  instrunrient  and  the  inclusion  c  i  a  Didymlum  filter 
to  provide  known  absorption  lines  in  the  spectrum  for  wavelength  calibration. 

The  standard  35-mm  f/2.8  lens  supplied  with  the  N-9  camera  Is  used  as  the  camera  lens 
for  the  spectrograph,  thus  retaining  an  optical  system  of  unit  magnification. 

The  N-9  camera  was  chosen  for  its  versatility  In  the  selection  of  exposures  and  the  'me 
resolution  available  with  the  l-ms  c  and  0.5-msec  shutter  speeds.  A  complete  discussion  of 
the  N-9  camera  may  be  found  In  References  4  and  5. 

During  the  tests,  the  spectrographs  were.  In  general,  Installed  as  follows:  two  each  In  the 
tall  mount  of  the  B-57,  In  the  tail  mcunt  of  the  B-66,  in  the  after  fuselage  mount  of  the  B-C6, 
and  In  the  photo  tower  on  Site  William  or  Site  Elmer.  Exceptions  to  this  occurred  on  shots  in 
which  the  B-57  did  not  participate  and  when  attempts  were  made  to  measure  backscattered  light. 
In  these  cases,  the  B-52  was  instrumented. 

The  time  interval  of  major  interest  was  from  the  first  minimum  to  about  10  times  the  time 
to  the  second  maximum;  thus,  the  camera  speed  normally  used  was  64  frames/sec  with  a  time 
resolution  for  an  Individual  frame  of  1  msec. 

Exceptions  to  this  occurred  for  cameras  located  at  long  slant  ranges  for  shots  of  high  yielti 
where  it  was  determined  that  32  frames/sec  was  optimum. 

Three  fields  of  view  were  used  on  the  spectrographs  during  the  operation.  A  plot  oi  the 
measured  relative  re^mnse  of  the  spectrograph  over  these  fields  is  shown  in  Figure  2.5.  Tne 
field  defined  by  the  opal  with  no  shade  approximated  a  Lambert  surface  over  a  total  fle’u  of  160^ 
This  fleb'  was  used  on  all  aircraft  installatlona.  The  addition  of  a  shade  to  the  opal  limited  tl  > 
field  to  about  40*.  This  combination  was  used  for  all  data  taJten  from  the  photo  tover  on  Site 
William.  Replacing  the  opal  with  a  ground  quartz  diffuser  resulted  in  a  still  nat  rower  field  hut 
with  an  Increase  In  sensitivity  of  a  (actor  of  2  at  the  peak.  This  combination  was  used  to  advan¬ 
tage  on  the  medium-  and  low-yield  events  recorded  from  the  photo  tower  on  Site  Elmer. 

The  experimental  procedure  was  straightforward.  Loaded  film  casettes  for  the  N-9  cam¬ 
eras  were  obtained  from  EOAG.  The  film  was  titled,  then  loaded  into  the  spectrographs,  and 
operated  to  check  that  the  cameras  were  running  properly  and  that  the  film  was  traveling  freely. 
Each  spectrograph  was  then  exposed  to  the  radiation  from  a  hlgh-prensure  mercury  arc.  This 
resulted  In  a  few  frames  of  mercury  spectra  on  the  leader  of  each  film  to  serve  as  the  wave¬ 
length  calibration.  The  prepared  cameras  were  installed  in  the  aircraft  several  hours  before 
the  scheduled  mission  and  the  ptlcs  cleaned  just  prior  to  takeoff. 

Upon  completion  of  a  mission,  the  cameras  were  removed  frorn  the  aircraft  and  the  exposed 
film  delivered  to  EQBG  for  processing,  after  which  It  was  revlewsd  for  exposure  level  a;  1  then 
sent  to  AFCRC  for  data  reduction. 

2.3.4  Alrcr^t.  The  lour  aircraft  used  were  the  B-47  (Project  5.1).  B-52  (Project  5.2), 

B-57  (Project  8.4),  and  B-66  (Project  5.3). 

The  Instrumentation  of  the  B~47  included  all  the  basic  instrumentation.  In  addition,  extensive 
coverage  of  the  backscattered  radiation  was  provided  by  six  oi  the  sensitive  (7-  and  20- Junction) 
NRDL  calorimeters.  Two  of  these  were  mounted  in  a  camera  housing  on  top  of  the  fuselage 
abc  tt  8  feet  aft  of  the  canopy  (Station  4).  The  instruments  were  oriented  15*  above  the  horizon¬ 
tal,  with  one  30*  to  the  left  and  the  other  S0‘  to  the  right  of  the  aircraft  ose.  The  other  four 
calorimeters  •  re  mounted  In  the  navigator’s  compartment  (Station  3)  and  pointed  forward  at 
65*  above  th  Jiorizontai.  These  Instrumeris  ct  /ered  the  area  between  the  fields  of  view  of  the 
two  calorimeters  mcninted  aft.  A  camera  vas  mounted  parallel  to  the  four  calorimeters  in  Sta- 

2i 


SISCRET 


lion  3  to  provide  phoiographlc  coverage.  Photographs  of  the  tail  instrumentation  appear  as 
Figures  2.6  and  2.7,. 

The  B-52  carried  the  complete  basic  insti  umentation,  as  well  as  two  calorimetert.  and  two 
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eter  Was  mounted  close  to  the  windshield  behind  the  thermal  curtain.  The  second  ciilorimeter 


was  mounted  e.xternally  a  short  distance  forward.  Calorimeters  and  cameras  were  pointeii 
forward  with  an  angle  of  elevation  of  about  50®  above  the  horizontal.  The  cameras  for  the  back- 
scatter  Instrumentation  covt  rage  were  in  a  camera  mount  corresponding  to  Station  4.  Photo¬ 
graphs  of  the  tall  installation  appear  as  Figures  2.8  and  2.9. 

The  B-57  carried  the  basic  Instrumentation.  No  backscatterlng  measurements  were  made 
from  this  aircraft.  The  only  variation  from  the  basic  instrumentation  was  made  mldv/ay  through 
the  opera!  an  when  a  calorimeter  with  a  90°  field  of  view  was  added  to  the  vertical  station  (Sta- 
ti  in  2).  1  le  tall  instrumentation  station  is  pictured  in  Figures  2.10  and  2.11.  The  vertical 
station  was  mounted  In  the  aft  hatch  door. 


The  B-68  Instrumentation  was  similar  to  that  In  the  B-57,  and  no  Instrumentation  for  meas¬ 
uring  backscuttered  radiation  was  Included.  The  instrumentation  differed  from  that  in  the  other 
three  aircraft  in  that  the  tall  turret,  into  which  the  tail  instrumentation  was  incorporated,  could 
be  depressed  to  only  70°  below  the  horizontal.  With  the  inclusion  of  smaller  yield  weapons,  this 
limitation  became  a  major  problem;  because  If  the  aircraft  were  positioned  for  receiving  desired 
Inputs,  the  tail  Instrumentations  could  not  be  pointed  at  the  fireball.  This  was  solved  by  fabri¬ 
cation  of  a  second  Instrumentation  container  to  be  mounted  in  the  lower  fuselage  station.  This 
container  could  be  tilted  fore  and  aft  up  to  30°  from  the  vertical  and  cover  the  region  that  the 
tall  Instrumentation  could  not  cover.  It  was  planned  that,  on  those  shots  where  the  optimum 
position  would  not  permit  use  of  the  tall  turret,  selected  sensors  of  the  tall  Instrumentation 
would  be  t;.an8ferred  to  the  lower  fuselage  station.  The  camera  mounts  were  utilized  on  most 
events  to  obtain  more  complete  photographic  cover:  ;e.  Photographs  of  the  tail  Instrumentation 
aiqiear  as  Figures  2.12  and  2.13.  These  photographs  depict  a  bad  case  of  instrumentation  foul¬ 
ing  by  dirt,  water,  hydraulic  fluid,  and  the  waste  products  of  the  JATO  units. 


2.3.5  Ground  atatlons.  The  ground  effort  of  this  project  was  limited,  but  analysis  of  the 
data  establishes  Its  Importance.  Arrangements  we  e  made  vdth  EGliG  for  the  operation  of  two 
N-9  cameras  at  a  ground  station  on  each  atoll.  These  cameras  were  equipped  with  the  spectro- 
scop  ^  attachment.  Inclusion  of  this  effort  resulted  In  a  capability  of  makin^:,  direct  correlation 
betw<  en  data  obtained  on  the  ground  and  data  taken  with  identical  Instrumentation  from  aircraft. 

Data  was  also  taken  with  an  N-9  camera  fitted  with  the  spectroscopic  attachment  and  using 
the  sun  as  a  source,  to  provide  atmospheric  transmission  Information  to  be  utilized  in  the  anal¬ 
ysis  of  photographic  data. 


2.4  DATA  REQUIREMENTS 

The  data  requirements  of  the  project  were  as  follows:  (1)  measurements  of  thermal  radlani 
pv-nQ«i^e  and  irradlance  a?  a  fnnotion  of  i»n*»rtral  and  instrument  field  of  view  from  points 

in  space,  for  various  weapon  yields,  heights  of  burst,  meteorological  conditions,  and  instru¬ 
ment  orientations;  (2)  measurements  of  radiant  exposure  of  thermal  energy  scattered  b>  ihe 
atmosphere  under  various  geometrle.s  and  meteorological  conditions;  (3)  photography  of  the 
fireball  In  the  red  (6,800  to  8,800  A)  and  due  (3,400  to  4,500  A)  regions  of  the  spectrum 

for  various  weapon  yields,  heights  of  bu;  .  meieorological  conditions;  (4)  photography  of 

various  albe  'o  surfaces,  such  as  the  earth’s  surface,  clouds,  and  the  white  shock-frothed 
water  surface;  and  ('  )  spectral  photography,  such  as  was  required  with  spectroscopic  attach¬ 
ments  nvounted  on  N  9  cameras  in  the  spectral  region  of  3,200  io  0,000  A. 

Data  requirements  from  other  projects  and  agencies  included  supplementary  lnf<>rmatlon 
reqt  Ired  for  interpretation  ind  analysis  of  the  thermal  measurements  and  such  photographic 
records  as  aircraft  positlo  s  in  space,  meteorological  conditio  ns,  weapon  yield,  height  of  burst, 
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a!5d  similar  iaciors.  Thermal  and  atmospheric  transmission  data  obtained  i>y  oti*  :*•  isrojects 
was  to  be  correlated  with  the  data  resulting  from  this  effort. 


2.5  RADIOMETER  AND  CALORIMETER  CAl  IBRATION  AND  DATA  REDUCTION 

The  caio!  inieters  and  radiometers  were  furnished  Vjy  NRDl.  in  several  sensitivity  ranges  to 
i’over  all  anticipated  input  values.  Calibration  of  these  instruments  was  accomplished  by  NRDL, 
Ijefore  and  after  the  operation,  by  the  utilization  ot  standard  techniques.  All  data  presented 
was  reduced  at  AFCRC  using  constants  supplied  by  NRDL  and  Projects  1,1,  5.2.  5.3,  and  5.4 
(contractors). 

2.5.1  Procedure.  Essentially,  the  data  reduction  for  he  calorimeters  (a  description  of  the 
NRDL  Mark  6F  calorimeter  is  given  in  Reference  6)  consisted  of  the  following: 

1.  Converting  the  galvanometer  deflection,  as  measured,  to  galvanometer  deflection  cor¬ 
rected  for  the  heat  lost  by  the  Instrument  through  conduction  and  radiation.  T  as  step  corre  ¬ 
sponds  to  correcting  the  solid  curve  of  Figure  2.14  to  the  dashed  curve  of  the  same  figure. 

This  is  a  typical  calorimeter  problem. 

2.  Converting  the  corrected  g  Ivanometer  scale  deflections  to  millivolts  across  the  thermo¬ 
couple,  to  temperature  rise,  and  to  energy  received  during  the  course  of  the  event. 

3.  Correcting  for  the  average  reflectivity  of  the  windows  and  filters. 

4.  Diffe  ntiating  numerically  the  resulting  curve  of  radiant  exposure  in  respect  to  time  to 
obtain  the  ii  idlancy. 

The  reduction  of  the  radiometer  data  followed  a  similar  procedure  essentially,  except  for 
Steps  1  and  4. 

Two  calibrations  of  each  calorimeter  and  radiometer  were  made,  both  at  NRDL.  The  instru¬ 
ments  were  precallbratcd  before  they  were  mounted  on  the  aircraft.  At  the  conclusion  of  Op¬ 
eration  Redwing,  the  Instruments  were  dismounted  and  shipped  to  NRDL  for  a  postcalibration. 

It  was  this  postcalibratioii  that  was  used  in  the  final  reduction  of  the  data.  Both  calibrations 
were  made  In  the  laboratory  with  neither  window  nor  filter  in  fiont  ot  the  detector  surface, 

Table  2.4  lists  some  of  the  calibration  factors  selected  at  random. 

An  Inspection  of  Table  2.4  shows  that  the  calorimeters  were  apparently  more  stable  toward 
lioldlng  their  calibration  than  were  the  radiometers.  However,  the  difference  In  the  pre-  and 
postcalibration  factors  will  not  completely  explain  the  randomness  of  ihe  d.ata  as  observed.  For 
one  thing,  a  two-point  calibration  In  which  the  Instruments  liave  the  variation  shown  gives  no 
reliable  information  as  to  the  proper  calibration  factor  for  any  particular  event.  Furthermore, 
the  variability  in  data  (an  example  of  which  is  shown  in  Figure  4.3)  indicates  that  this  particular 
calibration  technique  may  have  been  inadequate.  The  data,  however,  was  not  in  a  form  where 
it  was  possible  to  make  detailed  comparisons  of  the  performan  e  oi  several  individual  calorim¬ 
eters  or  radiometers  as  a  function  of  event. 

As  no  facilities  were  available  In  the  field  for  calil)ratlon  purposes,  individual  filters  or 
quartz  windows  were  not  callbraiedi  during  the  test  series.  It  was  assun?  'd  that  no  rhange.s 
occurred  In  the  transmission  propt  rties  of  the  filters  or  windows.  This  assumption  may  not 
be  uniformly  true,  considering  th*  intense  heat  to  which  the  fUters  were  subjected.  A  certabu 
amount  of  variant  e  In  calibration,  not  shown  in  Table  2,4,  may  l*e  ascrilieb  to  unobserved 
changes  that  may  have  occurred  in  the  properties  of  the  fUter.s. 

2.5.2  Filter  Cliaractcri-stics.  In  Table  3.4.  filters  used  oa  the  projei  t  are  listed  together 
witli  the  wavelenc.th  regions  through  which  they  transmit  energy. 

Sumdard  €’0j  oing  filters  were  uJSeti  to  determine  the  amount  of  radiant  energy  that  can  lie 
expected  in  v,arious  broad  regions  of  the  spectrum  between  0.2  and  4.5  microns.  For  data  col 
locted  under  these  circumstances  to  be  of  greatest  utility,  it  is  neces.sary  to  know  in  det  ill  the 
tiansmissio.-i  properties  oi  the  fllteis  as  a  luiicti«»  ;  <>t  wavelength.  Ideally,  this  knowledge'  sliould 
•  xtend  to  tile  spectral  t ransnitssion  properties  «)f  ihe  intervening  atmospl.ere  and  finally  to  tiic 
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sptH'tral  1‘haracteristk‘s  of  thi*  source.  Otherwise,  caution  naust  la*  exercised  in  applyini^;  <  on- 
clusions  drawn  from  the  data  to  other  situations  that  are  not  optically  similar. 

As  an  example  of  the  transmission  properties  of  a  parts  ular  filter,  Table  3.4  lists  a  Filter 
B  tliat  transmits  beiw'en  0.9  and  2.5  microns.  This  particular  filter  Is  a  Corning  wlHise 

transmission  (uneorrected  for  reflection  of  the  surfaces)  i.s  ^Ivcn  Ity  the  manufacturer  (Refer¬ 
ence  7)  as  that  shown  in  Figure  2.15.  From  the  figure.  It  will  he  observed  that  approximately 
two-thirds  of  the  energy  (64  percent)  from  a  white  source  would  be  transmitted  within  the  nom  ¬ 
inal  limits  of  0.9  to  2.5  microns.  Similar  statements  --an  be  made  about  the  other  filters. 

In  some  respects,  the  statements  made  are  a  bit  misleading,  because  some  of  these  filters 
transmit  a  significant  amount  of  energy  outside  the  limits  given.  This  statement  Is  reinforced 
when  these  filters  are  coupled  to  a  moist  Pacific  atmosphere  and  a  hlgh-teniperature  sou  c«. 

In  this  case,  the  absorption  by  water  vapor  has  only  a  few  windows  In  the  Infrared  spectral  re¬ 
gion,  while  the  absorption  by  the  same  water  vapor  allows  a  much  greater  percentage  of  energy 
to  be  transmitted  In  the  visible  spectral  region.  This  is  further  enhanced  by  the  increased  ratio 
of  visible  to  Infrared  radiation  emitted  by  a  high-temperature  source.  Such  arguments  were 
used  as  the  basis  of  filter  limits  tabulated  In  Table  3.4. 

2.6  PHOTOGRAPHIC  CALIBRATION  AND  DATA  REDUCTION 

2,8.1  Development  and  Sensltometry.  After  each  detonation,  the  films  w'ere  processed  by 
EG&G  personnel  In  their  field  unit.  Processed  under  the  same  conditions  was  a  strip  of  film 
tha^  had  been  exposed  with  a  step  tablet  and  an  EG&G  Mark  VI  sensltometer.  The  films  were 
developed  to  a  gamma  (contrast)  of  about  1.0,  The  step  tablet  was  an  Eastman  Kodak  2,  with 
21  steps  and  densities  up  to  3.0.  The  sensltometer  used  an  FT  110  Xenon  lamp,  at  5,0(  meter- 
candle  seconds;  in  some  cases  this  exposure  was  reduced  by  use  of  a  mask.  The  lamp  ish 
time  was  about  the  same  as  the  field  shutter  time,  roughly  I  msec,  to  minimize  recipru  ity- 
fallure  vffeets.  Wratten  W29  red  and  W30  -►  38A  blue  filters  were  used  on  the  Red  and  Blue 
film  strips,  respectively.  These  filters  do  not  have  the  same  characteristics  as  the  Jena  fil¬ 
ters,  and  the  lamp  does  not,  of  i  ourse,  have  the  same  spectral  composition  as  the  light  from 
the  detonation;  this  is  expected  to  introduce  only  a  small  error  in  the  calibration  (Figure  176 
of  Reference  8).  Unfortunately,  however,  the  sensltometrlc  exposure  was  often  Insufficient  to 
expose  the  film  to  the  high  photographic  densities  observed  In  the  field.  Furthermore,  some 
of  the  step  tablets  were  lost  In  transif  iiack  to  the  continental  United  States. 

2.C.2  Microdensitometry.  A  Jarrell-Ash  Company  Jaco  JA  2310  recording  mlcrophotometcr 
wa.*^  modified  to  accept  t  .c  film  reels  and  to  read  optical  density  Instead  of  transmission.  With 
it,  the  optical  density  of  the  films  could  be  measured  semiautomatically.  The  Instrument  re 
corded  (  ’arrow-beam)  optical  densities  from  0  to  4.  •,  sensed  by  a  931-A  photomultiplier,  on  a 
Bristol  h^rip  chart  recorder.  The  image  of  the  frame  could  be  projected  onto  a  ground-glass 
vlewli  •’.  screen,  with  linear  magnification  15X.  A  reticule  was  placed  over  this  screen  to  locate 
the  scan  positions.  The  microdensitometer  silt  was  set  at  55  by  100  microns  as  a  compromise 
between  resolution  and  sensitivity  without  excessive  noise.  The  slit  height  appears  on  the  photo¬ 
graphs  (Figures  A.l  through  A, 256  In  (he  Appendix)  to  the  right  of  symbol  1’’  ,  note  that  It  Is 
not  as  small  ’as  could  be  desired.  Similarly  the  scanning  speed  was  i-tiosen  as  2,5  mm/mln;  the 
time  for  a  complete  horizontal  scan  Is  aliout  4  ml  mles.  The  stage  on  which  the  film  was  mount  - 
ed  could  be  rotated,  and  scans  through  various  features  on  each  frw  ne  could  be  taken,  A  typical 
trace  Is  shown  in  Figure  2,16.  The  noise  Is  presumably  due  to  the  granularity  of  the  film  (see 
Chapter  24  and  especially  Figure  358  of  Reference  8). 

The  image  on  the  viewing  screen  of  each  of  the  frames  that  was  scanned  was  photograpticd 
with  a  Llnhof  Teciinlka  camera  fitted  with  a  Land  Polaroid  back.  An  attac  hment  to  ttie  micro 
densitometer  console  allowed  the  camera  to  be  quickly  swung  Into  ptisUlon.  Polaroid  48L  film, 
which  makes  a  jKJSitlve  transparency,  was  used;  from  this  ti  .mspart'ucy  rnlar^^'cnients  wec«>  made. 
Such  enlargements  are  shown  in  the  Appendix, 
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r->ynantio  Rang#'  ajid  CaiuuTa.  Flar»>,  Tilii'  GSAP  fann  ra«  a«  *•  iii'nigra'd  for  gt'nnral  ^luty 
rather  than  for  art  urate  (tim  pJiotometry.  Consequently,  ?n  spile  of  their  being  filled  witii  eoat- 
f'ti  .iv'fiHrH,  It  iiS  f’sjKsi' ic’id  tiiiit  I'iare  light  5»  ntic-'-rsd  frorr*  the  IntPrlor  (shutti,'''?'  libKirr^,  diaphragm) 
and  ewterior  (tiJCers,  iertr.  barrel)  fKirts  of  the  cameras  (as  well  as  frojir,  the  lenses)  wlU  ieftuee 
the  rentruat  to  a  dynam-e  range  of  brightnesses  below  10^.  The'  Hituation  Is  figgri^vaied  by  le 
heating  of  the  lenseH,  flKers,  arid  othfvr  exterrial  ca.Tiera  parts  during  fh.c  ; hernial  puls«>,  and 
i)y  du&t  and  S{  ray  on  the  lenses.  Fun  her  more,  the  fireball  typiesrily  covers  an  imporhant  frae 
lion  of  the  I'antera  field  bf  view,  and  i^o  th€'re  is  a  iargt?  arnouni,  of  light  avallabii*  to  be  ssTieared 
ovc'r  tin  dimmer  tc  d  r?  ;  c-f  the  photographs. 

T  •  tosislenre  of  this  flare  light  is  borne  f'ut  i  y  the  albedo  measurements  ol  CSiapter  4,  in 
which  the  lowest  a.’bedo  points,  near  the  photograph  edges,  ?re  never  k  ss  bright  than  10  ' 
tirfics  thf  hr  if'hlest  firekrll  surface  areas.  Consequently,  the  lowest  br'^htnesH  points  are  sub 
j<  a  t  to  stmie  error,  and  l  esults  of  lo  '-intensity  measurements  must  he  interpreteti  carefully. 


2,6^  Analyst  of  Mtcroderattometer  Records.  Hurter  and  Driffield  curves  (H  and  D,  den¬ 
sity  versufi  log  expoaure;  tor  the  various  films  that  were  scanned  were  prepared  fro.-»  the  sen- 
sitized  film  strips  The  microdenbxtometer  traces  could  be  analyzed  with  the  aid  of  transrateul 
plastic  scales,  engraved  with  the  appropriate  reticule  grldwork  numbers;  there  enabled  the 
brightness  at  various  pt'sltiona  on  *00  image  of  the  nuclear  detonation  to  b?  found-  Bnghtru  aa 
maps  of  selec  'd  f/ames  were  prepared  (Chapter  <.),  and  isophol  contour  maps  were  made  liy 
connecting  up  points  of  equal  Iv  IghtnesH. 


2.7  SPFCTROGRAPHIC  DATA  REDUCTION  ANT  CALIBRATION 

At  AFCF  .  the  sped)  al  lilms  were  reduced  brou!<h  use  otf  a  inlcroitensltometer  to  curves 
ol  film  density  versus  wavelength.  H  and  D  cui  ves  were  then  constructed  at  selected  wave- 
iengths  fioKi  ihe  step  slit  calibration  and  the  densities  at  100- A  Intervals  converted  to  relatlv  ’ 
Inl'niwltles.  The  arlation  of  relative  intensity  with  wavelength  due  to  emulsion  response  and 
Ihstrument  transtnlssion  wa@  conct  ted  ihrough  calibration  of  the  Instrument  and  filni  against 
a  tungsten  standard  lamp  s'jpplied  by  the  Natloiikl  Bureau  Standards, 
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*  Alrcr&ft  Inoorpor  ttlflf  apoctroaoopoa  in  tha  t«il  loatzuMotatlon  (B-$7,  B-4>6)  had  one  rad 
flltarad  and  ona  blua  TUtarad  eanara  in  thta  atation  (Station  1,  Piffura  2.1). 

^  Of  iha  additional  aix  catarraa  on  tha  0-66,  loeatad  at  Station  2.  fisura  2.1,  twi  waia  fittad 
with  apoctroaeopaa.  Tha  ^tlwr  four  oaaaraa  mt*  fittad  with  laoaaa  and  fUtara  which  uara 
raq  jlrad  t  >  ohtain  tha  a(^  titlonal  inf<rraation  poaaiUla  baoauaa  of  gaoaatry.  Thia  eaaara 
aiunt  waa  oriantad  to  tha  mar  and  30  dagraaa  off  tha  wartioal. 
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Figure  -.1  Topical  locations  of  aircraft  instrumentation. 
The  cameras  are  located  at  Station  1. 
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RELATIVE  RESPONSE  (QUARTZ) 
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Figure  2.6  Tail  instrumentation  mount.  B-47  (rear  view) 


Figure  2.7  Tail  instrumentation  mcmnt.  B-47  (side  view,). 
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Figurt'  2.10  Tail  instrumentation  mount,  B-57  (rear  view).  This  pieture 
shows  a  departure  from  the  basic  instrumentation  in  that  two  of  the  Ixjttom 
four  cameras  were  normally  equipped  with  spectroscopic  attachments.  The 
configuration  shown  he  re  was  for  maximum  number  of  fireball  records. 


Figure  2,11  Tail  instrumentation  mount,  B-57  (side  view). 
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FiK”''  2.12  Tall  iustruirn'iitation  mount,  B-G6  (rear  vit'w). 
Tl'iia  photot;raph  wa.s  tak.(‘n  alter  a  mission  on  whicli  the  air¬ 
craft  had  developed  a  small  hydraulic  leak,  l)ut  the  dirt  and 
moisture  on  the  instrumenlulion  was  not  unusual. 


Figure  2.13  Tall  instrunu'iitation  mount,  B-GG  (sidi‘  view). 
The  camera  cover  plate  is  removed.  This  was  the  basic 
configuration  of  instrumentation  for  (ids  ai«t  rail. 
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Filter  B' 0-9 "2.5  macrons 
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Figure  2.15  Transmittance  erf  Filter  B  (Cormng  7-56)  as  a 
function  of  wavelength.  The  dashed  Vtilical  lines  inlicatc  the 
transmission  limits.  0.9  to  2.5  microns. 


the  fireball  and  its  associated  albedo  elements. 


Chapter  3 


RESULTS 


In  all,  there  were  17  nuclear  explosions,  of  which  11  had  successful  coveroKe  by  some  or  all 
of  the  airborne  instrumentation  installed  in  the  four  aircraft.  The  positions  uf  the  aircraft  at 
time  zero  are  listed  in  Table  3.1. 

3.1  CALORIMETER  AND  RADIOMETER  RESULTS 

These  results  are  presented  in  several  tables  and  figures.  Table  3.2  presents  a  summary 
of  the  effectiveness  of  the  thermal  measurement  portion  of  the  effort.  Aircraft  showing  overall 
zero  i  esults  either  aborted  the  mission  or  had  complete  recorder  failure. 

Table  3.3  presents  the  thermal  data,  fully  corrected  for  all  instrumontal  calibrations.  The 
figures  show  the  radiant  expr  ;ure  and  Irradiance  as  a  function  of  time  for  typical  exposures  of 
calorimeters  and  radiometers.  B-S2  results  are  not  preseni 'd„  because  the  required  electrical 
calibration  constants  were  not  available  prior  to  completlo  of  data  reduction.  The  tabulated 
results  are  considered  final. 

During  live  events  xdeminole,  Blackfoot,  Kickapoo,  Osage,  and  Yuma),  no  aircraft  partici¬ 
pated.  During  two  events  (Navajo  and  Tews)  three  aircraft  participated.  During  three  events 
(Lacrosse,  Erie,  and  Inca)  two  aircraft  participated.  During  seven  events  (Cherokee.  Zuni, 
Flathead,  Dakota,  Mohawk,  Apache,  and  Huron),  four  aircraft  participated.  These  figures 
(Table  3.2)  include  aircraft  that  subsequently  aborted  or  had  recorder  failure.  During  Mohawk 
and  Huron,  the  B-47  was  positioned  for  side  loads  and  so  obtained  minimal  thermal  records. 

3.1.1  Summary  of  Cumulative  Thermal  Radiation  Data.  The  data  presented  in  Table  3.3  may 
be  considered  as  a  summary  of  the  principal  thermal  effects  of  this  series  of  tests.  The  col¬ 
umns  give  the  following  information. 

Column  I  gives  the  Shot  name  and  the  approximate  yield  In  kllotons. 

Column  n  Indicates  the  type  of  Instrument  used  (C  for  calorimeter  and  R  for  radiometer), 
the  field  of  view  of  the  Instrument  (In  general,  either  90*  or  160*),  and  the  type  of  filter  employed 
The  filters  are  described  In  Chapter  2.  The  filter  designations  and  spectral  characteristics  are 
given  in  Table  3.4.  Fo'  exampU  ,  a  calorimeter  having  a  90*  field  of  vie  v  and  transmitting  in 
the  wavelength  region  irom  0.7  to  2.S  microns  is  listed  in  Column  n  of  Table  3.3  as  C-90-A. 
Similarly,  a  radlor(<«ter  with  a  90°  field  of  view  transmitting  in  the  wavelength  region  of  0.2  to 
4.5  microns  is  llstec^  in  the  table  as  R-90-  % 

Column  HI  gives  the  aircraft  type  less  t>  ''^ber  designation  B,  the  position  (station)  of  the 
Instrument  in  the  aircraft,  and  a  letter  expressing  the  orientation  of  the  instrument.  The  letter 
F  indicates  an  instrument  pointing  directly  at  the  fireball,  whereas  the  letter  V  (vertical)  indi¬ 
cates  an  instrument  whose  receiving  surface  was  parallel  to  and  viewing  the  surface  of  the  earth. 
The  letters  BS  (representing  backscatter)  denote  a  calorimeter  In  front  of  either  the  pilot’s 
canopy  or  the  rear  upper  dome  (Statlcis  3  or  4).  Thus  in  Column  ED,  an  Instrument  located  In 
th  tail  of  a  B-57  (Station  1)  pointing  directly  at  the  ‘  treball  wo'ild  be  described  by  the  symbols 
57  1-F.  Similarly  an  instrument  located  or  the  underside  of  Lie  fuselage  of  a  B-47  (Station  2) 
directed  to  view  the  water  surface  beneath  the  aircraft  would  be  coded  as  47-2-V. 

The  range  at  the  tlm^*  of  maximum  irradiance  giver^  in  Column  EV  was  rhosen  as  the  repre¬ 
sentative  range  to  describe  the  event.  Because  the  sp-  ed  and  ccirse  he  aircraft  (outbound 
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from  the  events  pn  virtually  all  cases)  are  known,  the  positiun  of  the  aircraft  at  time  of  maxi¬ 
mum  irradUnce  is  known.  A  numerical  integration  of  the  model  irradiance  curve  as  a  function 
of  time,  given  in  Figure  8  of  Reference  1,  shows  that  about  25  percent  of  the  total  radiant  ex¬ 
posure  has  been  received  by  the  aircraft  at  this  time.  The  change  in  range  during  the  fraction 
of  a  minute  that  thermal  radiation  is  be:r.t  received  by  the  aircraft’s  instruments  is  small  com¬ 
pared  to  the  distance  of  the  airersdt  from  the  event.  As  a  result,  it  is  possible  to  consider  the 
aircraft's  range  constant  during  the  entire  period  in  which  significant  amounts  of  thermal  ra¬ 
diation  were  being  received.  Using  this  issumption,  the  error  made  in  the  determination  of 
Q  due  to  the  divergence  of  the  thermal  radiation  as  the  aircraft  moved  away  from  the  source 
is  small  and  can  be  neglected.  The  radiant  exposure  Q  need  not  be  and  is  not  corrected  for 
the  small  change  in  range  that  occurred. 

Column  V  expresses  the  beat  estimate  of  the  total  radiant  exposure  experienced  by  an  air¬ 
craft  in  terms  of  calories  per  square  centimeter  of  calorimeter  detecting  surface. 

Column  VI  expresses  the  best  estimate  of  the  maximum  rate  at  which  each  square  centimeter 
of  radiometer  detecting  surface  was  accepting  the  thermal  energy  from  the  device. 

Columns  vn^  VrU,  and  DC  have  been  added  for  comparison  and  analysis  purposes.  Colurr.r' 
VH  cxpresBi  s  the  quantity  QDVw  where  Q  is  the  radiant  exposure  in  cai/cm^,  D  is  the  rang 
of  the  alrcraii  at  the  time  of  maximum  irradiance  in  units  of  kilometers,  and  W  is  the  yield  in 
kllotons.  This  parametric  form  of  presentation  was  chosen  because  this  parameter  admits  of 
ready  comparison  with  the  scaling  data  given  in  Reference  1.  From  elementary  physical  argu¬ 
ments,  It  is  expected  that  this  parameter  will  be  relatively  constant.  For  convenience,  the 
specific  thermal  energy  is  defined  as 

,  W’  fjl-km’  „ 

W  cm*-kt 

Column  vm  is  the  total  radl&ut  exposure  of  the  vertically  oriented  receivers  of  Column  V 
multiplied  by  the  secant  of  the  angle  6  as  defined  in  Figure  3.1.  Thi.*^  is  done  to  remove  the 
obliquity  factor  tending  to  decrease  the  radiant  'lux  received  by  a  vertically  oriented  receiver 
over  one  viewing  the  fireball  directly. 

Column  DC  shows  the  effective  value  of  E  obtained  from  the  vertically  pointing  calorimeters. 
A  comparison  of  Column  DC  with  Column  vn  will  help  to  decide  whether  or  not  the  albedo  of  the 
surface  can  be  determined. 

3.1.2  Time  History  of  Thermal  Radiation  Measurements.  A  large  amount  of  thermal  data 
waslaken  in  the  course  of  the  project,  ail  of  which  was  time-dependent.  In  the  preceding  sec¬ 
tion,  this  time 'dependency  was  effectively  eliminated  in  order  to  show  total  or  cumulative 
thermal  effects.  This  data  Is  probably  In  the  most  useful  form  from  the  old  operational  point 
of  view.  The  scientific  value  of  the  data  is  enhanced  by  knowing  the  time  rate  of  change  of  both 
the  radiant  exposure  and  the  irradiance.  In  this  section,  the  data  obtained  by  certain  calorlm- 
sters  and  radiometers  as  a  function  of  time  is  presented  for  familiarization  purposes.  The 
data  is  Judged  to  be  typical.  Shot  Dakota  was  selected  as  the  thermonuclear  event  to  be  pre¬ 
sented  when  possible.  It  was  in  the  megaton  range  and  was  the  most  completely  documented 
shot  photograp'il<'»  iy.  Unfortunately,  the  backscattered  radiation  was  not  successfully  meas¬ 
ured  for  Instead,  the  backscattered  radiation  observed  during  Shot  Tewa  has  been 

substltutfiKl.  r  description  of  this  selected  data  follows. 

Figure*  .}  i  irnd  3.3  show  the  time-dependence  of  the  radiant  exposure  and  the  irradiance  as 
observed  fre  u  a  B-57  whose  altitude  and  horizontal  range  at  time  zero  were  17,650  and  25  020 
feet,  r*  .'ipecuvely.  I'he  aircraft  was  on  an  outbound  rrack.  Figures  3.4  and  3.5  similarly  ^how 
the  time  sequence  of  radiant  exposure  and  the  Irradianc^'  as  observed  from  a  B-66.  The  B-66 
was  flying  an  outbound  track  at  an  altitude  of  16,000  feet  and  horizontal  range  of  13,100  feet  at 
time  zero.  Because  twth  aircraft  were  simultaneously  observing  the  fireball  In  Shot  Dakota, 
the  difference  in  values  of  thermal  exposure  and  irradiance  are  due  to  the  different  slant  ranges 
of  the  two  aircraft.  Apart  from  th  ^  ange  effect,  and  the  internal  inconsistencies  mentioned 
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tarlier,  the  two  setH  uf  figures  should  present  identical  values. 

Figure  3.2  is  typical  of  the  data  obtained  from  the  calorimeters  Time  is  plotted  on  a  loga¬ 
rithmic  basis  to  compress  the  scale  at  the  highest  values,  ft  will  be  noticed  that  ve^y  few  sec¬ 
onds  are  required  to  receive  il  the  thermal  energy  possible  from  the  event.  This  effect  is 
shown  by  the  flattening  out  of  the  radiant  exposure  at  times  in  excess  of  a  few  seconds.  The 
same  trend  is  shown  for  the  filtered  calorimeters  also.  In  addition,  the  total  radiant  exposure 
is  a  function  of  the  soectral  limits  of  the  filter  and  the  transmissivities  of  filter  and  atmosphere 
in  the  transmitted  spectral  range. 

Figure  3,3  points  up  the  variation  with  time  of  the  rate  at  which  the  energy  is  received.  A 
logarithmic  time  scale  has  been  used,  be'  ause  it  is  felt  that  this  plot  emphasizes  the  time- 
dependeiice  better.  In  a  conventional  plot  of  irradiance  versus  time,  the  area  under  the  curve 
is  proportional  to  radiant  exposure.  In  Figure  3.3  this  relationship  is  implied  only. 

Figure  3.6  presents  plots  of  radiant  exposure  versus  time  as  viewed  by  three  calonmeters 
at  the  same  station  during  Shot  Apache.  A  discussion  of  variations  in  this  data  is  presented  in 
Chapter  4. 

3.1.3  Backscattered  Radiation.  Another  important  phase  uf  the  thermal  program  was  th^ 
investigation  of  the  amount  of  energy  scattered  into  the  aircrew  space  by  the  clouds  and  air  in 
the  half  hemisphere  ahead  of  the  aircraft.  Because  of  the  orientation  and  the  aperture  of  the 
instruments,  scattered  radiation  from  a  considerable  portion  of  the  sky  ahead  of  the  aircraft 
was  received.  This  radiation  will  be  referred  to  as  backscattered  radiation  or  simply  back- 
scatter.  The  total  backscattered  radiant  exix)sure  for  those  events  where  this  parameter  was 
successfully  observed  is  given  In  Table  3.5.  In  general,  the  radiant  exposure  Is  of  the  order  of 
a  few  tenths  of  1  percent  of  the  radiant  exposure  received  directly  from  the  fireball. 

Table  3.5  gives  all  of  the  data  that  has  been  received  on  the  backscattered  radiation.  The 
range  and  approximate  device  size  have  been  included  for  the  convenience  of  the  reader.  The 
most  Important  information  is  obtained  from  the  last  column,  which  gives  the  ratio  of  the  aver¬ 
age  backscattered  radiant  exposure  Qgg  to  the  average  radiant  exposure  received  from  the  fire¬ 
ball  Qf.  Except  for  Flathead  where  the  ratio  appears  to  be  abnormally  high,  the  remaining 
ratios  are  of  the  same  order  of  magnitude,  l.e.,  1  x  10~’  to  5  10*’.  Although  there  appears 

to  be  some  trend  showing  a  decrease  of  the  ratio  the  device  size  increases,  consid¬ 

eration  should  be  given  to  the  thli  J  and  fifth  columns  before  any  conclusions  are  drawn.  These 
two  columns  are  the  Individual  values  of  the  radiant  exposure  from  wtiich  the  ratio  in  the  last 
column  Is  constructed.  There  Is  large  variability  in  the  data. 

Further  refinement  in  the  analysis  of  the  backscattered  data  does  not  seem  justified  because 
of  the  paucity  of  the  data  and  the  lack  of  knowledge  of  the  details  of  the  environment  under  which 
the  data  was  collected.  For  example,  the  cloud  cover  is  known  only  by  conventional  meteorolog¬ 
ical  description.  As  the  purpose  of  this  experiment  was  to  measure  typical  thermal  exposures 
experienced  by  the  aircrew  under  the  conditions  of  the  test,  the  mission  Is  accomplished  if  the 
measured  values  given  In  Table  3.5  are  interpreted  as  order  of  magnitude  results. 

3.2  PHOTOGRAPHIC  RESULTS 

In  this  section  a  description  of  representative  series  of  photographs  of  each  of  the  detonations, 
is  presented.  Shut  Mohawk,  however,  is  not  presented,  because  the  thick  cloud  layers  obscured 
detail:  nor  are  Yuma,  Seminole,  Bluckfoot,  Klckapoo,  and  Osage,  which  did  not  have  photograph¬ 
ic  coverage.  Each  series  was  choson  on  the  basis  of  the  quality  of  Its  photographs  and  its  point  ¬ 
ing  up  the  principal  features  of  the  detonation.  Furthermore,  a  representative  group  of  pictures 
are  described,  in  that  Red  and  Blue  and  Polaroid  photographs  taken  from  several  altitude  angles 
under  conditions  in  which  the  flreb.*tl  itself  covers  various  fractions  of  t.  e  field  of  view  (that  is, 
the  cameras  used  lenses  of  various  local  length)  were  chosen  for  display.  Tie  photographs  are 
presented  as  Appendix  A.  Field  co  'erage  of  the  various  detonations,  and  l.ie  film  records  suc¬ 
cessfully  obtained,  are  listed  in  Ta  de  3.6.  Not  all  the  pliotographic  records  obtained  a^e  of 
high  enough  quality  for  analysis;  fui  example,  none  f  the  Inca  series  yield  useful  information 
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about  this  detoiiatton.  The  bucks^  alter  and  aJ-^edo  records  have  n  t  been  reduced 

The  photographic  parameters  of  the  several  series  are  show  i  in  Table  3.7.  Distance  8<  ales, 
shown  In  the  last  column,  we  e  calculated  by  normali/.ing  to  the  shock  wave  size.  The  frames 


shnwii  are  scaled  by  the  square  root  of  yield  law  to  the  Mines  of  those  shown  for  Shot  Dakota: 
Frame  Z®ro.  7  (minimum).  15,  30.  45,  66  (s  cond  maximum),  90,  115,  150,  200,  250,  325, 
375,  425;  and  even  farther  If  anything  of  intere;-t  scows  on  the  pho^igraph  Occasionally  other 
frames  wio  shown  also. 

The  photographs,  presented  as  Appendix  A,  ar;*  reproductions  of  enlargements  of  negatives 
taken  with  the  Polaroid  camera,  of  the  projection  of  the  original  film  on  the  ground  glass  screen 
of  the  microdensitometer  (Chapter  2).  Consequently,  a*  least  four  reproductions  are  Involved, 
and  some  detail  is  necessarily  lost.  Furthermore,  the  latitude  of  the  prints  is  low,  and  occa¬ 
sionally,  detail  of  the  brighter  features  has  been  sacrltlced  in  or  ler  to  show  up  the  dimmer 
oner  ,  such  as  clouds,  air  shock,  and  islands. 


3.2,1  Qualitative  Picture  of  a  Detonation.  For  orientation  purposes  there  Is  presented  here 
a  short  description  of  the  various  facets  of  nuclear  detonation  contributing  to  the  thermal  (lux, 
as  observed  in  the  several  series  of  photographs;  a  more  detailed  discussion  is  given  in  thr  next 
chapter.  The  aircraft  are  typically  at  elevation  angles  ranging  from  19”  to  85”,  (as  seen  from 
ground  zero)  In  level  flight  radially  away  from  the  explosion  site.  The  slant  ranges  vary  from 
11,000  feet  for  the  lowest  yield  devices  (15.5  kilotuns)  to  about  50,000  feet  for  the  largest  (5 
megatoikS).  The  detonations  arc  water  or  low  tower  shots,  with  the  exception Cherokee  which 
was  an  air  burst,  and  Lacrosse  (17  feet  above  ground  surface). 

Frame  Zero.  The  camera  shutter  operating  at  64  frames  per  second  is  alternately  open 
(or  1  msec  and  closed  for  15  msec.  The  cameras  are  not  synchronized  with  time  zero,  nor 
with  one  another.  '  nsequently  Frame  Zero  will  occur  at  a  different  time  on  each  camera  and 
at  any  time  extending  from  time  zero  (the  detonation  occurring  Just  as  the  shutter  is  closing) 
up  to  about  zero  v  IS  msec.  Actually  during  the  1-msec  shutter  time,  there  is  considerable 
fire  >all  development  for  small  bombs  and/'or  very  early  times.  For  Axiample,  for  Dakota  the 
fin  Jail  radius  grows  to  250  feet  in  the  first  millisecond,  and  to  330  feet  in  the  second  millisec¬ 
ond  time  Interval. 

Red  Frame  Zeros  are  chi> -acterlzed  by  a  bright,  symmetric  fireball,  which  Illuminates  the 
clouds,  islands,  and  atr  in  the  field  of  view.  The  corresponding  blue  frames  are  far  less  bright, 
and  in  fact  are  often  missed  altogether.  In  no  case  is  the  blue  light  from  the  fireball  surround¬ 
ings  kntenso  enough  for  Itm  angular  distribuMon  to  be  measurable  with  high  accuracy. 

Dip  to  in  I  mum  .  The  frames  immediately  following  Frame  Zero  show  a  fireball  of 
larger  radius  and  diminished  surface  brightness.  No  outside  structure  is  yet  apparent.  Gen¬ 
erally  the  blue  flux  Is  below  the  threshold  of  the  flbn,  and  the  blue  image  diciiqjpears.  During 
this  period,  individual  hot  spots — local  arcus  of  br'ghtnoss  —  appear;  their  motion,  outward 
with  the  expanding  flrebnll,  can  be  <bs«rved,  although  the  blue  fireball  continuum  completely 
disappears  (Section  4.4.1).  Thermal  flux  minimum  occurs  at  roughly  0.0031  /W  second;  where 
W  is  the  yield  cf  the  weajjon  In  kilotuns;  this  Is  at  about  Frame  1  for  Erie  (14.9  kt)  and  '^rnme 
14  for  Navajo  (4,500  kt).  After  minimum,  the  surface  brightness  ot  the  fireball  increast  n 
again. 

Development  of  Shock  Froth.  Absorption  Shell,  and  Plume.  At  minimum, 
Ihe  sliock  wave  separatee  from  the  fireball  (breakaway),  and  advances  ahead  of  it,  roughing  up 
the  water  surface  and  making  it  a  rather  good  diffuse  reflector  (shock  froth).  An  absorbing, 
dark  concentric  envelope  (absorption  shell)  appears  about  the  fireball  in  slightly  later  frames. 

The  outlines  of  the  fireball  Itself  are  somewhat  fuzzy;  the  apparent  radius  of  tlie  luminous  fire¬ 
ball  often  appears  to  decrease  Jur  aPe  minimum. 

At  the  top  of  the  fireball  Is  obt'ierved  a  small  b*-lght  area  ((he  plume)  which  darkens  acid  grows 
in  succeeding  frames.  This  plume  obscures  In  late  frames  an  appreciable  fraction  of  the  thermal 
radlatloui  going  upward  from  the  bright  fireball.  These  featured  ui  the  li rebail  ar  altown  sche¬ 
matically  In  Figure  3.7. 
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At  atx)ut  t  0.032  -/W  second  (henceforth  referred  to  as  fjnaxH^  fireball  reaches  maxi¬ 
mum  thermal  flux  output. 

Late  Times.  The  fireball  grows  onl>  slowly  after  this  second  thermal  maximum  is 
xearhed;  the  ahsorntion  sheU  thickens  and  its  light  sttenuation  appears  to  decrease.  The  fire- 
ban  starts  to  lose  Its  hemispherical  stuipe  \a  it  rises  from  the  detonation  site.  The  plume  be¬ 
comes  almost  as  larg  '  as  r'le  fireball  itselt  The  air  shock  striking  nearby  clouds  causes  them 
to  evaporate;  this  has  the  effect  of  reducing  the  fraction  of  the  thermal  flux  that  is  scattered 
from  clouds  (cloud  albedo).  At  very  late  times,  the  lowered  pressure  behind  the  shock  front 
cau.fes  clouds  to  re-form  (Wilson  cloud  effect);  a  ring  (like  a  circular  amphlthe.ater)  of  these 
clouds  Is  seen  around  the  now~dlm  fireball,  the  risen  fireball  remaining  unobscured  from  most 
aircraft  viewing  angles.  In  general,  dense  clouds  can  reduce  (by  absorption)  the  thermal  flux 
from  the  fireball,  or  (by  reflection)  increase  the  flux  by  a  considerable  amount. 

3.2.2  Shot  Erie.  A  photographic  series  of  this  14.9-kt  shot  is  presented  in  Figures  A.l 
through  A.lS^!  This  detonation  was  on  a  300  foot  tower.  The  island  (Yvonne)  and  nearby  reefs 
show  clearly  from  the  70°  altitude  angle.  Frame  Zero  is  found  by  application  of  the  shock  theory 
to  occur  at  10  msec  after  detonation;  this  is  2  msec  before  breakaway,  which  occurs  between 
Frame  Zero  and  Frame  1.  The  absorption  shell  shows  clearly  in  Frames  1  through  5,  and  less 
clearly  thereafter.  Note  the  Jagged  shape  of  the  fireball  and  the  variable  thickness  of  the  ab¬ 
sorption  shell,  the  exterior  outline  of  which  is  more  regular;  the  absorption  shell  does  not  fol¬ 
low  the  shape  of  the  surface  of  the  luminous  region.  In  Frame  1  the  thickness  of  this  ring  is 
about  SO  feet,  and  it  is  quite  opaque;  no  island  features  are  visible  through  it.  The  fireball  is 
then  some  350  feet  in  radius  and  touches  the  ground. 

By  Frame  2  some  of  the  details  of  the  "feet”  of  the  island  are  visible  through  the  absorption 
shell  (this  is  not  obvious  on  the  print)  and  in  Frames  3,  4,  and  5  the  absorptfon  shell  becomes 
increasingly  transparent.  This  decrease  la  opacity  of  the  abaorption  shell  ii.  thus  observed  for 
surface  bursts  of  all  yields  from  nominal  kiloton  to  at  least  5  Mt. 

The  shock  froth  is  definitely  brighter  than  are  the  “legs”  of  the  island;  this  is  observed  also 
in  Shots  Flathead  (Section  3.2.S)  and  Dakota  (Section  3.2.11). 

The  air  shock  shows  faintly  in  Frame  5  and  in  Frame  8  at  second  thermal  flux  maximum. 
Puffs  of  dust  kicked  up  on  the  Island  are  clearly  visible;  they  give  the  shock  froth  its  apparently 
rough  front  In  frames  nesr  second  maximum.  The  fireball  of  this  particular  relatively  small 
weapon  evolves  into  a  diamond  shape  (Frame  18  et  seq);  no  plume  is  seen.  Note  the  shadow 
cast  by  the  dust  cloud  on  the  eiiock  froth  (Frame  24).  The  dust  cloud  itself  has  high  albedo; 
note  the  bright  puffs  on  the  reef  at  3.0,  38.5  in  Frame  30.  By  Frame  39,  however,  it  appears 
that  the  shock  wave  is  raising  very  little  more  dust  from  the  coral  reef. 

The  plume  of  this  tower  shot  (during  which  the  fireball  did  not  touch  the  ground  until  about 
second  thermal  flux  maximum)  Is  conspicuously  absent. 

3.3.3  Shot  lacrosse.  Tlie  photographic  series  of  this  39.5-kt  shot  is  presented  in  Figures 
A.i^  througtTA.lSSC  These  Blue  photographs  of  a  land- water  (shoreline)  detonation  are  taken 
from  an  altitude  angle  of  about  65°.  The  detonation  took  place  17  lest  (Ux>ve  ground  level. 

Two  Frames  Zero  are  shown,  to  Illustrate  the  criticality  of  the  photographic  reproduction. 
Hocket  trails  show  clearly,  to  the  Ight  of  the  detorutlon  site.  The  fireball  is  seen  to  be  quite 
asymmetric.  It  is  understood  that.  In  this  test  detonation,  a  considerable  amount  of  matter  was 
around  the  weapon,  and  presumably,  the  detonation  is  perturbed  by  the  asymmetry  of  the  site. 

In  Flame  1  sonae  structure  ts  stlU  apparent,  but  the  outside  rim  of  the  fireball  is  quite  symmet- 
trlc;  note  the  hot  spots  and  the  large  dark  central  area  which  has  a  thin  bright  rim. 

Minimum  occurs  between  Frames  1  and  2.  In  Frame  2,  this  central  area  shows  bright,  as 
il  does  in  Frame  3,  where  a  considerable  structure  is  again  apparent.  The  bright  knot  has  a 
rii^  around  it  resembling  a  miniature  absorption  shell.  By  Frame  13,  second  thermal  maxi¬ 
mum,  the  plume  is  already  covering  almost  half  of  this  projected  area  of  the  fireball. 

The  lack  of  illumination  of  the  nt^ar  side  of  the  shock  froth  ia  peculiar  and  may  be  due  to 
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possible  shock  passage  over  land  or  shoal  not  seen  on  the  piiotogr  iphs.  No  cloud  appears  in 
this  region  on  a  close  examination  of  Frame  Zero.  Th^  ime  history  of  this  darkening  suggests 
that  it  is  caused  by  the  variation  in  fireball  surface  brightness,  possibly  due  to  land-water  asym¬ 
metry  and/or  experimental  struclureB.  Tnla  vnriatiuu  doss  not  ShCii  r  on  thv  photographs,  nor 
Is  It  well  resolved  on  a  test  microdensltometric  trace;  but  Us  existence  Is  indicated  by  the  very 
bright  right-hand  shock  froth  in  Frame  9,  and  the  general  fluctuations  in  shock  froth  brightness 
seen  throughout  the  series.  Another  noteworthy  feature  is  the  group  of  horizontal  dark  lines  in 
the  left-hand  shock  froth,  in  Frames  13,  18,  and  23;  these  may  be  shadows  of  structures  nearby. 
In  later  frames  the  45"  streak  on  the  left  side  of  the  fireball,  which  first  shows  in  Frame  3,  is 
still  visible. 

It  Is  noteworthy  that  the  characteristic  blue  air  shock  attenuation,  seen  In  all  other  Diue 
series,  does  not  show  in  these  photographs. 

3.2.4  Shot  Huron.  The  photographic  aeries  of  this  250-1 :  shot  is  presented  in  Figures  A. 29 
through  A.4i.  This  series  shows  the  routine  Blue  behavior:  a  dim  Frame  Zero  (which  showa 
considerable  limb  darkk.nLng  In  a  densitometer  trace),  hot  and  dark  spots,  the  horizontal  fireball 
belt  line,  and  obscuration  behind  the  fireball.  At  this  somewhat  low  angle  (49")  the  intensity 
minimum  in  the  shock  froth  is  not  pronounced,  especially  in  the  foreground  (compare  Flathead, 
next  section).  As  waa  observed  with  Dakota  and  Flathead,  the  Blue  Island  albedo  is  well  less 
than  the  shock  froth  albedo.  T?  3  Blue  obscuration  by  the  plume  is  clearly  leas  than  for  Lacrosse. 

3.2.5  Shot  Flathead.  The  Blue  aeries  for  this  38S-kt  shot  is  viewed  froD:>  only  5*  from  the 
vertical  (Figures  A.4S  through  A.56).  The  hot  epots  In  Frame  4  (minimum)  seem  to  be  concen¬ 
trated  near  the  fireball  limbs,  away  from  the  center.  In  Frame  18  the  shock  froth  and  its  mid- 
line  brightness  minimum  are  visible;  note  how  this  ring  of  minimum  brightness  within  the  shock 
froth  brightens  with  increasing  time.  This  is  one  of  the  series  that  gives  evidence  for  the  Bi  e 
absorption  of  the  air  shock  (Section  4.4.S).  A  bright  ring  (tidal  wave  albedo?)  appears  within 
the  absorption  sheU.  The  shock  froth  albedo  at  this  geomstry,  calculated  with  the  85  percent 
eubtractlon  as  described  in  Section  3.2.11,  is  1.8  times  as  great  as  the  Island  albedo.  This 
again  is  in  contrast  to  what  is  observed  in  the  complementary  Red  photographs  (not  shown).  In 
the  Red,  the  island  outside  the  shock  froth  has  the  same  albedo  as  the  shock  froth,  to  within 
about  7  percent;  but  when  the  island  is  inside  tho  shock  front,  its  corrected  albedo  falls  to  about 
(1/1.6)  of  the  shock  froth  value. 

From  this  similar  high  angle  of  view  the  obscuration  by  the  plume  is  signally  less  than  for 
Lacrosse. 

3.2.6  Shot  Apache.  The  photographic  series  of  this  1.9-Mt  shot  is  presented  in  Figures  A.57 
through  A.^i.  Three  leries  of  photographs  of  this  water  detonation  are  sho  vn,  a  Red  series 
and  a  Polaroid  pair. 

Red  Series.  This  group  of  pictures  Is  of  interest  because  the  camera  was  fitted  with  a 
neutral  density  2  filter.  Consequently,  the  brightnesses  are  reduced  by  roughly  a  factor  10 
below  the  other  Red  aeries  shown,  and  certabi  features  are  optically  resolved  on  the  film.  The 
fireball  is  only  faintly  visible  dn  the  original  negative  at  minimum;  the  dark  belt  ahows  in  Frames 
19  and  39.  A  scan  across  this  belt  shows  it  to  be  some  20  percent  less  bright  than  the  surround¬ 
ing  region  (su^h  a  difference  In  a  line  Is  saally  missed  on  the  densitometer  trace,  without  a  guid¬ 
ing  visual  identification);  the  lower  segment  of  the  fireball  is  generally  less  bright  than  the  upper, 
umI  this  vertical  effect  la  also  observed  in  the  other  Red  traces.  Another  feature  observed  in 
the  Blue  photographs,  and  only  rarely  In  the  other,  more  dense,  Red  ones,  is  the  fireball  puffi¬ 
ness  at  late  frames.  Scans  of  Framss  58  and  88  (second  thermal  flux  maximum)  show  that  the 
fireball  has  very  little  limb  darkening;  this  is  the  same  behavior  as  that  observed  or  the  Dakota 
Red  films,  with  both  neutral  density  1  and  with  no  neutral  Iiiter.  This  indicates  that  the  charac¬ 
teristic  flat  p  of  the  Red  microdensitometer  trace  la  not  an  effect  of  instrumental  or  photo¬ 
graphic  saturation. 
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This  series  serves  to  illustrate  the  point  that  casual  photographs  of  detotiations  must  be  In^ 
terpreted  with  caustion  because  ot  film  latitude  and  saturation  effectu  With  a  factor-of-lO 
attenuation,  the  horizontal  belt  and  the  late-frame  atructuru  of  the  firebuH  are  visually  resolv¬ 
able,  as  they  are  in  the  several  Blue  series;  the  fireball  is  barely  visible  (perhaps  not  at  all  tn 


the  rcprodi 


however,  are  slinilar  to  t’noae  observed  in 


less  filtered  I,  photographs. 

Polaroid  Series.  In  this  low  ingle  (~19°)  scries,  the  horizontally  polarized  Frame 
Zero  (37219)  occurs  a  few  millisecond  before  the  verticall'  polarized  Frame  Zero.  The  photo¬ 
graphs  have  less  exposure  than  the  Dakota  polarized  pair,  since  the  lens  was  stopped  to  f/16 
instead  of  C/5.6  and  a  neutral  density  1  filter  was  used. 

In  Frame  Zero  the  light  specularly  reflected  from  the  water  surface  Is  clearly  visible.  At 
these  angles  between  the  aircraft  and  the  (extended  fireball,  Fresnel’s  laws  predict  roughly  20 
percent  specular  reflection  for  0  and  3  percent  reflection  for  0;  this  is  qualitatively  borne  out 
by  the  photographs.  The  total  albedo  drops  off  quite  sharply  at  the  sides  of  the  reflected  image 
of  the  fireball.  This  points  ».p  the  fact  that,  at  this  low  angle  at  least,  the  Lambert  water  al¬ 
bedo  is  small  compared  to  the  specular  albedo. 

In  Fratne  19  no  difference  betw>?en  the  two  planes  of  polarization  is  resolvable.  Evidence 
of  the  absorption  shell  appears,  and  above  this  dark  region  is  a  bright  topknot  some  600  feet 
across,  which  is  destined  to  become  part  of  the  plume  (Frame  39).  The  horizontal  belt  and  a 
lens  structure  of  the  fireball,  show  clearly  on  these  photographs.  The  specular  reflection  from 
the  water,  of  the  light  from  the  6  lireball,  shows  up  to  Frame  148;  in  the  0  photographs,  it  is 
barely  resolvable  in  Frames  58  through  106.  The  specular  nature  of  this  reflection  is  empha¬ 
sized  by  the  sharpness  of  the  shadow  at  3.7,  35.7  of  the  cloud  above  it  on  the  photographs.  What 
appears  to  be  a  reef  (off  Island  Gene)  is  Illuminated  on  the  lower  right  of  these  0  photographs. 

Note  that  th^  specularly  reflected  light  from  the  unshocked  water  surface.  Is  more  intense 
han  the  adjacent  shock  froth  albedo  at  this  low  angle.  In  this  forward  direction,  there  appears 
io  be  a  diminution  of  the  shock  froth  brightness  (r  mpared  to  the  brightness  on  the  side  ).  This 
is  in  contrast  to  the  higher  angle  Polaroid  observations  of  Dakota  (Section  3,2.11).  Presumably 
this  darkening  In  the  line  of  sight  is  due  to  self-shadowing  by  the  roughness  of  the  shocked  water, 
which  is  here  seen  at  nearly  grazing  Incidence. 

Another  feature  of  these  photographs  is  the  narrow  bright  ring  c  >  the  water  surface  inside 
the  absorption  shell,  which  is  visible  in  both  polarizations  as  well  as  In  the  Apache  Red  photo¬ 
graphs.  In  Frame  148  a  (spurious)  streak  has  developed  on  the  upper  right  of  the  0  series. 

A  separ  dlon  and  rise  of  the  fireball  is  visible  In  late  irames. 


3.2.7  Shot  Zuih.  The  photographic  series  of  this  3.38-Mt  shot  is  presented  as  Figures  A. 80 
through  A. 92.  This  Red  series  is  taken  from  an  observation  angle  of  25°,  which  is  6°  higher 
than  the  Apache  Polarolds. 

In  Frame  Zero  the  relatively  large  number  of  local  clouds  is  brightly  illuminated;  the  fire¬ 
ball  is  not  well  reproduced,  but  it  shows  clearly  in  the  original  negative.  Frame  12  (minimum) 
shows  rather  large  hot  spots  and  the  horizontal  dari’.  belt,  as  well  as  the  structure  effects  only 
occasionally  resolved  in  the  Red.  The  limb  darkening  here  is  quite  apparent.  In  Frame  27  the 
absorption  shell  is  seen  to  obscure  light  from  the  upper-right  cloud,  which  is  unusual  in  acting 
as  an  excellent  viewing  screen.  The  plume  has  a  bright,  luminous  ^  town  about  500  feet  across, 
which  has  evoL’ed  from  the  large  hot  spot  at  3.1,  38.2  in  Frame  12.  By  Frames  55  and  83  this 
bright  area  has  cooled  to  such  a  degree  that  it  is  no  longer  distinct  from  the  rest  of  the  plume. 

The  obscuration  of  tl  e  cloud  by  t  ’e  absorption  shell  is  even  more  clearly  shown  on  Frame  55. 
Frames  83  and  121  have  been  printed  to  show  the  inne-'  absorption  shell,  which  is  bright  but  still 
transparent  to  the  light  from  the  shock  froth  on  the  s  de  of  the  fireball.  In  Frame  121  (second 
thermal  flux  maximum)  the  narrow  (~  150-foot)  bright  ring  on  the  water  at  6.0,  37.0  shows  in¬ 
side  the  absorption  shell.  This  ring  appears  to  evolve  into  the  water  wave  which  appears  in 
F-ames  165  et  aeq.  and  which  Is  a  dominating  feature  in  Frame  459.  By  Frame  212  there  is 
evidence  of  the  r  sing  of  the  fireball;  it  is  quite  well  separated  from  Us  base  by  F.  me  368. 

Note  that  the  dim  inner  absorption  shell  fills  up  this  cleavage  (Frames  280  through  459).  The 
outer  absorbing  region  is  resolvable  on  all  the  original  photographic  frames. 
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3.2.8  Shot.  Cherokee.  There  was  no  successful  photonTetric  photography,  of  the  type  described 
in  this  Teport,  for  this  3.S-Mt  detonation.  The  reprtMiuctlons  show  only  some  Kodachrome 
frames,  made  at  32  franies/sec  from  an  F-84  fighter  plane  at  the  great  range  of  about  131,000 
feet.  These  are  negative  prints,  making  bright  areas  appear  dark  in  the  reproductions.  Very 
little  detail  is  resolved  even  on  the  original  film;  the  photographs  are  included  for  the  sake  of 
completeness  and  In  the  interest  of  showing  some  of  the  qualitative  facets  on  the  only  megaton 
range  air  detonation  in  the  series  (Figures  A. 93  through  A.  108). 

The  situation  of  r<K>r  resolution  is  complicated  by  the  large  number  of  cumulus  and  cirrus 
clouds  in  the  field  of  view  of  the  camera.  Th  fireball  at  first  appears  like  a  bright  orange 
sun  (the  colors  shown  by  the  Kodachrome  are  not  to  be  taken  too  seriously  ^  ■ecause  of  possible 
saturation  effects)  which  has  a  specular  reflection  In  the  water,  similar  to  dial,  of  the  Apache 
Polaroids  except  for  the  effect  of  the  5,000-foot  altitude  of  burst;  this  reflection  is  visible  up 
to  Frame  239.  The  fireball  appears  white  in  the  Kodachromes  In  frames  near  8(?cond  thermal 
maximum.  The  air  shock  touches  the  Wwter  at  about  Frame  38;  however,  neither  shuck  froth 
nor  any  afasorn^iun  shell  are  resolved  in  the  Kodachrome  pictures.  The  fireball  shoukl  touch 
the  water  surface  at  maturity,  about  Frame  100;  this  also  is  not  observed.  In  Frames  311  et 
seq.  the  old  fireball  appears  to  start  to  split  in  two  about  a  horizontal  centerline.  VV'illnon 
clouds,  not  clearly  indicated  in  the  reproductions,  enclose  the  fireball  at  late  times  (aJ  Frame 
200). 

3.2.9  Shot  Navajo.  This  Is  a  rather  routine  Red  aeries  for  this  4.5-Mt  detonation  (Filgures 
A. 109  through  A. 127).  The  bright  area  that  is  to  become  the  plume  shows  a  dark  ring  around 
it  In  Frames  11  through  32,  much  like  an  absorption  shell;  however,  part  f  this  may  well  bu 
the  dark  smoke  of  the  developing  plume  underneath  the  bright  topknot  (note  the  low-angle  Apache 
and  Zunl  views  showing  the  topknot  above  the  plume);  but  the  local  absorption  shell  is  larger 
than  the  plume  at  this  time  (see,  for  example,  Frame  24),  and  tbls  cannot  be  the  full  explanation. 

A  flaw  In  the  optical  system  shows  as  a  dark  streak  In  th  '  lower  right  from  Frame  15  on;  and 
there  Is  lens  fogging  from  Frames  141  through  321.  Wilson  cloud  is  visible  In  Frames  650  el 
seq.  One  feature  that  does  not  show  In  the  reproductions,  is  that  the  absorption  shell  Is  notice¬ 
able  up  to  Frame  950. 

3.2.10  Shot  Tewa.  This  is  also  a  routine  Red  series,  albeit  a  rather  dim  one,  lor  this  4.6- 
Mt  shot  (Figures  A.  128  through  A. 140).  Note  that  the  air  light  in  Frame  Zero  is  not  very  intense, 
and  that  the  horizontal  befurcatlon  of  the  fireball  shows  up  through  Frame  66  (half  the  time  to 
second  thermal  maximum).  It  is  hard  to  reconcile  this  loss  In  surface  brightness  of  the  bottom 
part  of  the  fireball  with  the  photogrammetrlc  parameters;  the  slant  range  of  50,000  feet  is  not 
anywhere  near  large  enough  to  explain  the  loss  as  being  due  to  increased  attenuation  (Chapter 

4).  The  fireball  surface  structure  shows  clearly  in  late  frames. 

3.2.11  Shot  Dakota.  In  this  section  are  presented  commentary  pertinent  to  eleven  series  of 
photographs  from  this  1.1-Mt  shot  (Figures  A. 141  through  A. 256).  The  photographs  serve  to 
point  out  the  important  features  to  be  discussed  in  Chapter  4,  as  well  as  the  less  critical  ones 
that  merit  only  a  passing  notice  because  of  their  small  Influence  on  the  thermal  flux. 

The  photographs  Include  one  Red-Blue  pair  from  each  of  the  four  aircraft;  one  Polaroid 
pair;  and  a  single  Blue  telephoto  series  complementary  to  a  Re  ^  -Blue  pair  (some  of  the  other 
Red-Blue  pairs  are  telephoto  also).  The  details  of  the  photography  are  given  in  Table  3.7.  Not 
all  the  series  show  the  same  frames,  as  there  were  some  cases  of  lens  fugging  or  other  mal¬ 
function;  and  some  of  the  B’ue  photographs  are  so  underexposed  that  frames  before  2/3  tn^^xll 
are  not  shown.  In  general,  however,  an  attempt  was  made  to  show  Frames  Zero,  7  (minimum), 
15,  30,  45,  66,  90,  115,  150,  200,  250,  375,  and  425,  (at  which  timn  {iercent  of  the 

integrated  thermal  flux  has  been  emitted)  .  s  being  representative  uf  the  course  of  the  thermal 
pulse  from  the  detonation.  Other  photogn  phs  appear  In  some  of  the  series. 

Red-Blue  Pair  (Figures  A. 233  through  A. 256).  This  is  a  typical  pair,  with 
good  Red-Blue  comparison;  the  two  frames  at  second  thermal  maximum  will  be  discussed  in 
detail  In  Section  4.5,2.  The  Blue  fireball  is  not  visible  at  i  ermal  minimum.  In  Frame  20  tl  » 
plume  has  a  bright  crown, 
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Note  the  bright  spots  in  the  Blue  at  Frame  30.  There  are  also  short  dark  Itnes,  whirh  sS  ow 
at  Blue  Frames  20,  30,  and  40.  These  dark  regions  appear  as  the  shadovtrH  i  ast  by  bright  areas 
contiguous  to  the  dark  ones,  between  them  and  the  fireball  center.  That  Is  to  say,  each  dark 
line  has  a  bright  spot  at  Its  end  near  the  fireball  center  (Section  4.4,1),  In  Frames  20,30,  and 

'nlaoM  San.  kk  I  1  1  •»  •%  #4lr»  ^  ntluik**#’  rk  f  1  '-Jjck&w*  |  1  .-I  |  fV,  tt  4ui»k 

u.U'C  jH&cV  .itA  la  Ijj  »<  u««aR  mv-e.*.  wm.  »  ta  m  a  R  a  v.  a>»i,  ft  a  AAlnlJirii*-*,?,  *  ufj* 

from  the  water  .‘surface.  The  explanation  of  this  phenomenon  is  not  clear;  the  belt  may  be  re¬ 
lated  to  a  shook  wave  reflected  from  the  water  surface  (Mach  ,(rnn(:).  The  photographs  do  not 
allow  any  upward  motlors  to  be  resolved.  This  belt  Is  resolvable  densitometrlcally  up  to  Frame 
80  (It  is  notiucable  at  the  limbs  of  the  fireball  in  the  photogsaphi#),  it  is  about  300  feet  In  width 
(in  the  vertical  direction),  and  In,  Fra.aes  30,  40,  and  50  its  apparent  Ju  Jghtneas  (untor reeled 
for  alr-light)  Is  about  half  that  of  Ita  neighboring  fireball  points.  This  belt  is  usually  visible  lis 
the  Blue  and  Polaroid  photographs;  It  la  not  seen  in  36300  Red,  but  it  Is  visible  ir,  many  of  the 
other  Red  series. 


The  bifurcation  of  the  shock  froth  and  the  isbscuration  by  the  chocked  air  show  very  well  In 
the  Blue.  In  particular,  in  Frames  50  thrmigh  70,  the  light  from  the  Island  to  the  right  of  the 
fireball  is  strongly  attenuated  as  It  passes  through  the  air  shock. 

In  late  frames  the  Blue  fireball  again  appears  highly  structured,  or  puffy.  This  roughness 
la  of  course  seen  on  the  mlcrodensltometer  traces.  The  vertical  streaks  on  Frame  57  and  on 


some  other  Red  frames  are  due  to  faulty  photographic  prin  ting. 

Red-Blue  Pair  (Figures  A. 205  through  A. 215).  The  shatter  of  the  Hod  Frame 
Zero  opens  at  Time  Zero  plus  0.003  second;  the  actual  fireball  .subtends  only  1  Vj”  on  the  film, 
although  It  appears  much  larger  In  the  reproduction  because  of  the  short  density  scale  of  the 
photographic  paper.  The  Red  air  sliuck  is  vtsibie  in  Frames  30  and  45  (alter  this  the  lens  .sys¬ 
tem  becomes  clouded).  The  original  Blue  negative  was  acratched,  and  the  photographic  densities 
rather  low.  Note  the  dark  belt  on  the  Blue  fireball  in  Frames  35  and  45. 


Red-Blue  Pair  (Figures  A. 141  through  A. 158,,  and  A. 172  through  A. 182). 
The  qualitative  view  of  the  general  behavior  of  the  alr-light  before  it  is  masked  by  the  shoe 
froth  after  breakaway,  appears  In  Frames  h  through  4  of  the  Red  series.  The  growth  of  the  fire¬ 
ball  up  through  Frame  10  Is  clearly  shown.  Note  the  I  ot  spots  In  Framcv't  5  through  10.  Limb 
darkening  Is  quite  apparent,  and  seems  to  increase.  In  Frames  6  through  10.  Breakaway  o<;tur.s 
before  Frame  8,  when  the  shock  froth  la  just  visible.  A  hint  of  the  horiT.ontal  fireball  dark 
belt,  which  Is  more  easily  observed  In  the  Blue,  appears  in  Frames  8  and  9;  however,  it  Is  not 
resolvable  In  Frames  15,  et  seq.  Note  that  the  darkened  limb  develops  Into  the  absorption  shell 
(Frames  9,  10,  15),  which  appears  quite  opaque  In  all  frames.  These  pictures  show  the  diffi¬ 
culty  of  calculating  the  absorption  coefficient  of  this  shell:  there  is  considerable  scattered  light 
from  both  the  shocked  and  unshocked  air. 


The  Island  (Dog)  appears  to  have  a  small  cloud  over  It  (this  may  bo  some  local  Imperfi  ctlon 
In  the  camera  or  filter  syslem;  It  appears  in  later  frames  but  It  Is  not  observed  In  the  Blue). 

The  ratio  of  shock  froth  to  average  island  albedo,  corrected  for  alr-llght  by  subtraction  of  85 
percent  of  the  neighboring  water  contribution  (Section  4.5.2),  In  about  1.25  to  1  (1.25).  Since 
the  nilcrodensitometer  trace  shows  the  unevennoas  and  gralnlness  evident  on  the  photographs, 
this  ratio  cannot  be  found  with  good  accuracy. 

The  Blue  photographs  show  the  characteristic  dimness  of  the  fireball  in  the  neighborhood  of 
thermal  flux  minimum.  In  Frame  13  several  hot  spots  are  visible,  for  example,  the  diagonal 
pair  near  6.8,  38.2;  by  Frame  15  the  fireball  continuum  show"^  dimly.  Near  38,5,  f.5  in  a  rela¬ 
tively  large  structured  bright  region  on  frames  13,  14,  and  .  that  la  associated  with  'he  plume. 
On  the  original  negatives  the  plume  Is  seen  to  begin  to  f>>,  m  earlier  and  over  a  very  nnuch  larger 
area  than  this  bright  region.  The  latter  region  tends  to  rem  dn  at  or  near  the  top  of  the  plume; 
eventually  It  darkens  aiKl  d-sappears. 

In  Blue  Frames  66,  90,  115,  and  150  the  Island  Is  within  the  si  ock  troth  and  albedos  can  be 
compared.  Aga;  ■,  a  camera  malfunction,  which  produced  the  broad  horir.ontal  streai  acroee 
part  of  the  Islan  ,  Interfered  somewhat  with  the  measurementa.  The  ratios  (unrorrected  for 
air-scattered  light)  of  the  shock  froth  albedos  to  the  average  shocked  Island  albedos,  measured 
in  three  frames,  all  lie  within  10  percent  of  1.2.  Any  correction  of  this  figure  for  ,.itr -scattered 
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iy  ntMtefifaariiy  uncertain.  Hecaisae*  of  the  absorjstion  by  the  shocked  air,  the  shtirk-r.svereU 
iirea  in  darkened  and  '.t  la  nrusafe  to  subtrjf  d  the  large  (85  percent)  fract»<  n  of  the  brightness  of 
the  uunihocki'd  water  ,jnst  outside  the  shock  troth.  If,  howeveri,  such  a  rurrection  is  iriade,  the 
ratio  of  aluedos  g(»ce  up  to  aliuut  1.5;  and  if  an  adiustment  ?s  nr-de  tsy  auhtracting  only  50  per¬ 
cent  o!  Etif  outside  orightness  the  ratio  is  1,3.  These  data  should  be  regarded  uh  restricted  to 
the  iit>a»>r=/atio.n  ai^gle  (about  60“)  and  azimuth  and  atrgle  of  fnridence  (see  photog’-aph!  of  this 
o/c,ervaiion.  Note  that  the  Elite  albedo  ratio  appearct  somewhai  higher  than  the  Red  (out  see  the 
foitowoif  section). 

Red-Blue  Pair  (Figures  A,1B3  through  A. 204)  and  Co  nip  I  e  m  e  n  ta  r  y 
Blue  Teleph'iito  (Figures  A.  159  through  A.  17  1).  TSie  Blue  telephoto  serlcis  sku-vH 
the  hot  and  dark  spcds,  he  horizontal  belt  (albeit  pioorly;  Frame  30).  and  the  billowed  f  a? face 
«ii  d  crescent  sfiape  of  the  luminous  area  in  late  3  x  frames.  While  thi.s  Blue  'dr  shock 

is  generally  tbaorblng  (bifurcation  ot  shock  froth,  darkness  of  area  behind  fireball),  H,  appears 
faintly  brigid  tn  the  upper  left  and  upp  right  of  the  fireball  in  Frames  60,  9b,  and  1J5, 

The  iJaLo  of  itic  uticor reeled  shock  froth  albedo  to  the  island  albedo,  In  Frames  90  115 

of  Lieries  35923,  is  close  to  1.3.  If  this  ratio  is  corrected  by  the  usual  aubt’‘c''‘Mt)n  of  85  i  .  rcent 
uJ  thi'  orightness  just  outside  the  shock  froth  (see  the  discussion  in  the  last  .'ieebon),  if  Jumps  '  o 
*.6;  it  50  perceiH  of  thlr  htneas  is  subtracled,  the  ratio  is  between  *  ‘  "•nd  1.5.  Haine 
reservations  apply  as  s  on  9.6.3.  In  Frame  90,  attenuation  of  the  idluti...  '  ht  w  sm  the 

reef,  as  ii  passes  througi.  .e  air  shock  (near  coordinates  1.5,  39.0),  is  dcdci 

.Series  36233  and  36236  will  be  discussed  in  deta*'  ;  ectlon  4.5.?  ihe  Blue  fireball  belt 
does  not  show  In  tranie  45.  The  Red  •’*’r  ‘graphs  snow  ihe  shock  frol  passing  over  the  island. 

This  pair  of  phob.'gruphs  glv  ’  a  good  comparison  of  the  plume  properties.  The  Blue  plume 
is  about  35  percent  .clt.5  th.'  ,i  the  Red  .at  thermal  fliot  maximum  (Table  4.1*’),  a>  d  50  percent 
wider  at  The  Blue  plun.e  is  dark,  while  the  Red  plume  has  a  bripu:  -ntral  area,  which 

iu  narticulari.v  apparei  ♦  in  the  reproductions  of  lute  (;ui250)  frames.  The  Red  plume  appears,  in 
fact,  reasonably  bright  throughout,  as  Table  4.18  Indicates. 

7'he  ratios  of  the  Red  shock  froth  to  the  island  albedos,  corrected  for  air-light  as  indicated 
and  measured  in  Frames  6C,  90,  and  US,  are  aM  within  5  percent  of  1,25,  It  appears  from 
these  rcs’iUs,  and  from  these  of  Flathead  (Section  3.2,5)  that  the  Red  albedo  ratio  is  somewhat 
loK*i  than  th'*  Blue  albedo  'tatior  oIp'’'?  the  shock  froth  should  be  white  (Section  4.5.2),  this  points 
up  the  observattrn  that  the  iucand  albedo  is  higher  at  longer  wavelengths,  ‘Vhlch  is  a  rather  com- 
mod  prupecty  of  powdery  surfaces. 

Polaroid  Pair  (h'iguros  A. 216  through  A. 232).  These  photographs  will  bc‘ 
discussed  lu  detail  in  heel,  on  4.5.4.  They  show  the  fireball  belt,  and  the  hot  spots  out  to  the 
fireball  edge;  the  .hsorptioi  shell  apjjears  also  at  these  wavelengths.  As  isj  Indicated  in  Section 
4.5.4,  gross  dbiereot  es  between  the  two  polar'zations  do  not  show  in  the  microdensitometer 
traces,  si  none  app».  ur  in  the  photographs.  Since  both  shutter  opening  time  and  reproduction 
expci  ure  differ  among  fra'n«.y,  even  within  a  series,  th'^  .appearance  of  bright  features  in  the 
photogri'oiiu  -pari i cilia rly  the  air  sraitering-- should  n  be  taken  as  a  quantitative  measure  of 
JSi*.'  *  ight  less. 

3.3  toPKCTRCH-jRAPHlC  RESULTS 

tVUi  r  >dcnHi(iifce  er  cui  ves  ot  .■iplected  spectral  f-ame.s  are  presented  in  Figures  3  8  through 
3  9  The  curves  presentfff  in  earn  figure  are  arranged  to  give  a  chronological  fijiettral  hiH>ory 
o)  she  e.’f'.t  being  consideied  These  are  curves  of  film  density  veisus  wavelefigih  The  spec- 

P 

tral  rcHclulion  is  -ft)  A  at  5.790  A.  Because  there  was  no  provlalo!!  for  timing  signals  on  the  flln;, 
;J1  timw  i5re  s  laled  to  (lac  first  exposed  frame,  which  Is  taken  (o  be  zero  time.  At  a  framing 
cate  of  64  fiaiiieri/spc,  this  means  that  the  times  quoted  here  cuiiid  i>e  in  error  by  as  '  inch  as 
16  ma  c, 

F.'om  exaniinctloi'  of  Figi"  es  3,H  through  U  Hf'  It  t  j»  be  saen  that  all  events  pectrally  appear 
quite  sbniiar.  The  ea.'’)iy  wpi  ctra  ivi  lor  to  tlio  minimum  an*  chara*  ierlzed  by  much  structure, 
iiidb  sitiug  that  irn'Iccular  and/u  .'  atomic  emission  and/or  absorption  proceNjii  h  are  the  dominating 
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fai-'torH,  As  the  thermal  pulse  approaches  itJ  second  maximum,  the  sp  ctrsim  |jecifS!.,i*s  fh.s?  »■ 
a  c.oiitinuun'i  with  only  slight  hints  of  structure.  This  general  appearance  cuutiimes  IhiHuginn!! 
tre  remainder  of  the  thermal  pulse. 

The  similarity  of  spectral  details  from  shot  to  shot  can  be  seen  in  Figure  3.20,  This  is  a 
coniposite  of  t  ■nsitometer  traces  of  zero  time  spectra  for  8e>  ^ral  shots.  Here  it  is  apparent 
thrt  the  principal  structure  is  identical  in  all  the  spectra. 
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TA:  U-:  3.2  EFFECTI  ENKSS  OF  THERMAL  INSTRUMENTATION 
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Figure  3.1  Geometry  of  a  vertically  oriented  receiver.  This  shows  the 
eombined  influence  of  the  obliquity  factor,  sec  0,  and  field  of  view  of  a 
detector  on  the  energy  received  by  a  vertically  oriented  receiver.  The 
receiver  VPV'  located  at  P  views  the  fireball  D  units  away  at  O.  The 
fireball  size  is  given  by  the  shaded  hemisphere  about  O.  The  acceptance 
angle  M'PM  is  so  large  that  the  direct  radiation  from  O  reaches  VPV'. 


Figure  3.1  Radiant  exposure  as  a  function  of  time  for  Shot  Dakota  as  measured  by  calorimeters 
from  B-57.  The  letters  indicate  the  filters  used,  and  the  subscript  V  indicates  vertical  (down) 
orientation.  Filter  A  range:  0.7  to  2.5  microns;  B:  0.9  to  2.5  microns;  C:  2.0  to  2.5  microns. 
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Figure  3.5  Irradiance  as  a  function  of  time  for  Shot  Dakotai  as  measured  from  B-66.  The  thermal 
exposure  vras  difiereritLated  to  obtain  the  irrarliance.  The  Jfilters  are  the  same  as  used  for  Figure  %A.. 


lec’-Q 


e  3.6  Radiant  exposure  as  a  {unction  of  time  for  Shot  Apache,  measured  by 
calorimeters  on  the  same  aircraft.  The  calorimeters,  whose  angular  field 
■w  was  either  90“  or  160“,  viewed  through  quartz  windows. 
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FiKure  3.8  Chronological  upcotral  hintuiy,  Shot  Apochc. 


68 

SiCRET 


CHEROKEE 

WIUtlAU 

•.R,;  7S,74«  FT 

OUART2; 


FILM  DENSITY 


WAVELENGTH  IN  INGSTROM  UNITS 


Figure  3.11  Chronological  spectral  history,  Shot  Erie. 
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Figure  3.13  Chronolc^cal  ^ectral  history,  Shot  Huron. 
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Figure  3.14  Chronological  spectral  history,  Shot  Lacrosse. 
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Figure  3.^0  Comparison  of  zero  time  spectra. 
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Chapter  4 


DISCUSSION 

4.1  ATMOSPHEFUC  ATTENUATION 

4.1.1  Absorption  by  the  Atatioapher^  Much  work  haa  beea  done  on  the  absorption  properties 
of  atmospheric  water  vapor  and  cax^n  dioKide.  Perhaps  the  most  complete  investigation  froip 
the  point  of  view  of  radiometry  is  in  Reference  9.  That  report  plus  Reference  10  effectively 
gives  the  transmissivity  of  air  from  thu  long  wave  end  of  the  visible  region  to  beyond  the  6.4* 
micron  baiMl  of  water  vapor.  To  the  precision  required  in  these  tests,  there  Is  im  significar  t 
absorption  by  any  the  other  permanent  gases  In  the  range  0.2  to  4.5  microns  except  for  some 
oxygen  absorption  near  0.7  micron.  Figure  4.1  shows  the  absorption  spectrum  constructed  for 
the  permanent  atmospheric  gases  and  water  vapor.  This  spectrum  is  constructed  under  the 
assumption  of  60  mm  of  preclpitable  water  and  is  of  the  magnitude  and  type  used  in  analyzing 
data  recorded  by  B-S7  calorimeters  for  Shot  I^ota.  The  figure  Is  schematic  only  and  absorp¬ 
tion  valueiB  can  be  obtained  from  the  references  cited.  Subsequent  checking  has  shown  that  there 
is  no  significant  difference  in  the  absorption  spectrum  of  60  ram  of  preciplt&ble  water  as  com¬ 
pared  to  the  ambient  54  mm  of  preclpitable  water  for  Dakota  at  time  zr'*o.  Also  the  preclpitable 
water  path  increased  as  the  aircraft  moved  away  from  ground  zero. 

In  the  vicinity  of  the  event,  the  temperatures  and  pressures  are  suitable  for  the  formation  of 
oxides  of  nitrogen.  Of  these  oxides,  NO:  and  N2O4  show  strong  absorption  properties  in  the 
visible.  The  i  bsorption  spectrum  of  the  other  oxides  of  nitrogen  are  in  the  infrared  beyond  4 
microns.  The  NO:  ^2^)4  absorption  spectra  are  given  as  Figure  4.2.  This  curve  has  beoi. 

constructed  au  a  composite  from  data  obtained  from  several  sources  (References  11  through  15;. 

Although  there  may  be  other  absorption  gases  in  the  path,  the  above  is  a  summary  of  the  ab¬ 
sorption  characteristics  of  those  gases  that  are  known  or  suspected  to  exist  in  the  atmosphere 
surrounding  the  detonation. 

Table  4.1  presents  tabulated  values  for  the  transmission  uf  thermal  eimrgy  through  Pacific 
air  for  the  detonations  analyzed  In  this  report.  A  temperature  of  3,000**  K  Is  assumed  for  all 
events  except  Erie  (4,000*’K)  and  Cherokee  (6,000*K).  The  transmissivities  (T)  are  taken  from 
Figure  U  of  Reference  1.  T  ■  '"^**'*  ^v'  defined  in  Chapter  1. 

The  water  vapor  content  w  ie  expressed  as  millimeters  of  preclpitable  water. 

^1.2  CUmatoiogical  Conditions  and  Atmospheric  Optical  Effects.  Table  4.2  contains  the 
relevant  cUmatcloglcal  data  for  the  series  of  detonatbns.  ft  is  noteworthy  that  the  conditions 
are  sensibly  tho  same  for  all  detonations.  A  typical  figure  for  tit.e  sea-level  water  vapor  density 
can  be  taken  from  the  Dakota  data;  it  Is  21.6  (Pg  *  22.4  mm  of  mercury. ) 

Dependence  of  atonos;  eric  attenuation  of  the  thermal  radiation  on  local  meteorological  conrii- 
tions,  as  well  as  the  general  behavior  of  this  phenomenon,  is  discusaed  in  some  detail  in  Refer¬ 
ence  1.  Some  further  treatment  is  given  in  Reference  16.  In  what  follows,  it  ic  necessary  to 
make  the  usual  distinction  between  narrow«baam  (collimated'  and  broad-beam  detection  aud 
attenuation.  The  camera  acta  as  a  narrow-beam  detecting  instrument  when  It  looks  at  small, 
sharp-edged  features,  lor  multiple-scattered  photons  orlglnatlog  in  such  regions  must  have  both 
fortuitous  direction  and  orientation  to  appear  to  come  from  a  point  on  the  object.  On  the  other 
hand,  In  the  case  of  extended  sources  (fireb&U,  shock  froth,  air  scatter)  there  should  be  consid¬ 
erable  crosstalk  among  neighboring  local  areas  because  of  scattering,  attd  a  bulblup  factor  of 
the  type  discussed  in  Reference  1  should  be  used.  Furthermore,  this  scattered  component  may 
interfere  the  interpretation  of  small-area  data,  and  in  fact  this  will  bti  stowu  to  be  the  case 
in  several  clrcumictances. 
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Blu«  &Kd  i^i’.Uarold  Attenuation.  Reference  16  continlas  data  for  the  attenuaticn  of 
Blue  light  in  the  l^ruhail  IslandB,  where  the  ciimatologirai  conditiona  are  exi;»ected  to  be  cloaely 
the  tame  aa  at  Bikini  and  Sniwetok.  l^e  night  sea-level  (exponential)  narrow-beam  attenuation 
coefficient  at  4^060  A  varies  between  0.17  and  0.25  hm''^  Note  that  the  Rayleigh  coefficient 
here  is  0.04  km'"^  (Since  the  measured  attenuation  was  found  to  be  relatively  wavelength- 
insensitive,  the  author  concluded  that  it  Included  a  large  contribution  from  sea  spray.)  This 
figure  should  be  con^^^^sred  with  that  derived  from  Equation  12  in  Reference  1,  which  is  geriuaae 
to  the  present  situatioiK.  This  gives  the  usual  relationship  oetween  attenuation  and  visibility 
(in  miles),  (attenuation  coefficient)  >  2.5/visibilLty)  per  kilometer.  Tbts  formula  gives  a  sea- 
level  attenuation  cf  O.^i/km  for  the  ncminal  visibilities  of  Table  4.2,  in  reasonable  agreement 
with  Reference  16.  Now  the  observation  points  (that  is,  the  aircraft)  are  of  course  iu:t  at  sea 
level,  but  at  a  range  of  altitude  angles  greater  than  !&*;  therefore,  it  is  necessary  to  use  the 
methods  of  Reference  1  to  take  account  of  this  effect  for  calculating  the  attenuation  cf  the  light 
reaching  the  cameras. 

The  results  of  such  a  calculation  for  Dakota,  assuming  the  sea-level  narrow-beam  attenua-' 
tion  coefficient  to  be  5.0  x  10'^  ft'^  (visibility  IS  miles)  are  shown  in  Table  4.3.  (The  calcuia^ 
lion  also  makes  the  tacit  assumption  that  the  scattering  particles  have  the  same  (exponential) 
altitude  dependence  ae  the  air  density. )  The  Blue  is  attenuated  by  about  a  factor  2  Vs  under  these 
typical  conditions.  The  calculation  should  be  valid  for  the  Polaroid  photographs  also,  that  Is, 
up  to  wavelengths  7,000  A .  These  calculations  assume  ihat  all  features  are  at  ground  aero, 
and  so  are  only  appreadmate^  in  particular,  the  fireball  surface  extends  a  considerable  distance 
along  the  line  of  sight,  l^'urthermore,  because  of  the  aforementioned  buildup  effect,  the  flux 
from  the  extended  source  regions  will  be  attenuated  by  a  far  lower  factor  than  that  shown  in  the 
table. 

Red  Attenuation.  In  the  neajr-luf rared  band  of  wavelengths  passed  by  the  Red  f ilte r, 
6,800  to  0,000  A,  there  is  some  absorption  by  water  vapor  but  a  reduced  attenuation  by  scatter¬ 
ing  from  molecules  and  aerosol  particles.  Fortunately  this  wavelength  band  is  closely  matched 
to  one  of  the  windows  treated  in  detail  in  Reference  17,  7,000  to  9,000  A.  For  an  atmosphere  that 
is  very  clear  in  the  visible,  it  is  found  that  to  this  window  the  (collimated)  selective  transmis¬ 
sion  q  fits  the  formula 

“  (0.998)^  (1.063  ~  0.151  log^w),  (4.1) 

where  w  is  the  water  path  in  precipitoble  millimeters.  A  straigliiforwurd  argument,  following 
a  recipe  for  w  quoted  to  Equation  19  of  Reference  1,  gives 

W  «  2.SP0  CSC  fl(l  -  «”A/7.12  X  10®)  (4,2) 

where  Pq  ibe  sea-level  vapor  pressure  of  wator  bn  milUm^^iers  of  mercury,  and  A  and  &  the 
altitude  (in  feet)  and  altitude  angle  of  the  pctol  ^4  obseev^ton.  V^sluss  of  w  for  Dakota  are 
given  in  Xtabie  4.S,  as  are  the  transmissions.  (Again  all  surfaces  are  iissumed  to  be  at  ground 
aero. }  Note  that  the  selective  transmission  is  quite  insensitive  to  the  water  path  (as  the  form 
of  the  equation  verifies). 

To  find  the  total  window  transmission,  it  is  neosesary  to  multiply  this  selective  transmission 
by  a  transmission  factor  appropriate  to  the  visibiiityj  that  is,  a  factor  that  accouids  for  the 
scattering  l%>  molicular  and  miscellaneous  airborne  particles.  This  requires  a  rather  bold  in¬ 
terpolation  of  some  badly  scattered  data  in  Figure  14  of  Reference  17;  this  air-scatter  factor, 
and  the  overall  Red  transmission,  are  given  to  tlin  last  column  of  Table  4.3.  It  can  be  seen  that 
the  increased  water  absorption  and  decreased  scattering  roughly  compensate  one  another,  and 
that  the  narrow-beam  attenuation  of  these  atmospheres  for  the  Red  and  Blue  systems  will  be, 
sensibly,  al)out  the  same.  Furthermore,  the  buildup  in  the  Red  will  be  but  little  different  from 
that  in  the  Blue,  and  so  the  uncolllmated  atmospheric  attenuation  will  be  very  close  also 
(Reference  16). 
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4.i.3  Spectrographic  Scattering  Experiment,  bi  order  to  determine  the  scattering  corrections 
to  be  applied  to  the  specttographTc  data,  »  ‘lar'aFectra  were  recorded  on  Enlwetok  during  the 
operation.  Spectra,  as  a  function  of  aocar  elevation  and  Instrument  field  of  view,  were  obtained 
with  the  N“9  camera  fitted  with  the  spectrOJiwelc  attachment.  The  reduced  intensities  were  s.-jen 
plotted  as  a  function  of  air  mass  (ratw  el  the  path  length  of  radiation  through  the  atmosphere, 
at  anjr  given  angle,  to  the  path  lettgth  toward  the  senith).  it  was  found  that  over  the  range  of 
A.04  to  7.01  air  m4\8se8,  tb  lollowlnf  !>::)  within  the  experimental  error;  (1)  intensities  re¬ 
corded  as  a  function  of  wavelength  for  40*'  field  of  view  quarts  dL  fuser  varied  with  air  mass 

in  %  manner  conaistent  with  the  Rej?letgh  :$catterlng  calculation/*  of  It  ference  18,  and  {2)  inten¬ 
sities  recorded  as  a  function  of  wavelength  for  the  160*'  field  of  view  o{  d  diffuser  showed  no 
varial'iOD  with  air  mass.  This  Is  in  agreement  with  the  wide  angle  scai.ering  calculations  of 
Reference  19. 

The  solar  Intensities  measurt#d  with  the  quartz  diffuser  were  corrected  using  the  data  of 
Reference  16  and  fitted  to  Wien’s  approximation  to  Planck’s  law.  The  intensities  measured  with 
the  opal  diffuser  were  fit  directly  to  Wien’s  las'  with  no  correction  for  atniosphoric  scattering. 
^Tom  the  data,  a  serlee  of  solar  color  temperatures  were  obtain^.  Table  4.4  presents  a  tabu- 
mtion  of  these  resulta,  together  with  the  color  temperatures  detet  nlned  from  a  similar  treat¬ 
ment  of  the  data  1  Iteferences  18,  20  and  21. 

The  average  solar  spectral  in>.ensitles  extrapolated  to  zero  air  mass  as  nieasurcKl  on  Enlwetok 
agree  In  absolute  value  to  within  *  21  percent  with  those  given  In  Reference  20.  It  is  felt  that 
this  Is  an  indication  of  the  highest  degree  of  accuracy  that  can  be  expected  from  any  field  meas- 
ur  mente  made  with  the  spectrograph  described  in  Chapter  3;  In  general,  the  errors  wilt  be 
grt  ter. 

As  a  res  ut  of  this  transmission  study,  all  d  la  taken  with  the  quartz  diffuser  was  corrected 
using  the  s  altering  coefficients  of  Reference  18,  and  no  correctlors  were  applied  to  the  data 
taken  with  the  160*  opal  diffuser. 

4.2  ANALYSIS  OF  CALORIMETER  AND  RADIOMETER  DATA 

4.2.1  Data  ReliablUty.  A  close  Inspection  of  Table  3.3  Indicates  that  ths  data  is  not  as  homo¬ 
geneous  as  might  be  desired  or  expocted.  This  lack  of  homogeneity  can  best  be  illustrated  by 
plotting  some  of  the  data  given  In  Column  Vd  as  a  function  of  the  slant  range  for  the  instant  when 
maximum  irratllance  was  recorded.  Ibis  plot  of  E  versus  D  is  given  i  s  Figure  4.3. 

In  Figure  4.3  data  from  throe  different  aircraft — B-47,  R-SIf,  and  B-66 — are  plotted  for 
those  devices  that  were  positioned  on  bargee,  which  were  of  the  largest  yield,  and  for  two  lower 
yield  tO'A’sr  detonations.  AIL  Instruments  viewed  tl^e  fireball  directly  through  quartz  windows. 

A  preliminary  investigation  showed  no  significant  differ  ice  ti«twe««i  the  tnstrume^iits  with  a  90* 
field  cl  view  and  those  with  a  160*  field  of  view.  From 't  mure  4.S  f<everal  statements  can  be 
mado. 

1.  A  large  amount  of  variability  exists  among  the  various  Instntments  on  the  same  aircraft 
purportli^  to  be  reccrdlng  the  same  evu  »t.  An  Inspection  of  tlw  orlgintai  records  and  processed 
data  Indicates  that  in  many  cases  saturation  effects  occurred,  which  caused  the  readings  to  be 
low.  A  verlflcatlo.'4  of  this  point  can  be  obtained  through  a  comparison  of  eome  of  the  dAts  where 
filters  were  used  with  the  calorimeters  and  the  data  where  fillers  were  not  used.  In  soma  cases, 
the  filtei  data  shows  rediant  exposures  great'^r  than  those  recorded  by  the  unfUtered  calorimeters. 
From  Table  3.3,  for  example,  In  Shot  Dakota,  under  the  B-47  aircraft,,  a  comparison  of  the  sixth 
entry  with  the  eighth  entry  shows  that  the  estergy  In  the  wavelength  ref  k>n  from  0.?  to  3.5  microns 
is  greater  than  that  over  the  entire  spectral  region  from  0.2  to  4.5  micronc.  In  othx^r  cases,  th« 
ikitegrated  radiometer  data  shows  values  of  the  radiant  exposure  comparable  to  the  highest  values 
of  the*  unfliterod  calorinisters.  The  radiometers  In  every  case  had  a  quartz  'wiindow,,  so  that  the 
integrated  radiometer  <latA  should  b’*  lo-nparahte  with  the  unflltered  calorimeters. 

In  exflanatton  oi  these  effects  it  i  ;  noted  that  thermal  damage  to  the  filters  and  si/imtowiif  l» 
common  and  cun  chsngc  the  transmissio.n  characteristics  of  the  windows  during  the  i,i«riod  of  the 
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most  intense  Irradlence.  Also  the  windows  and  filters  oi  the  Instruments  used  in  the  test 
were  exposed  to  the  ertvironment  during  the  entire  operational  phase  of  the  aircraft,  which 
Included  takeoffs  and  landings  from  an  airfield.  Th‘.-  dust  raised  during  the  takeoff  phase 
may  settle  on  Inst  rum  nt  windows  and  cause,  by  scattering,  a  reduction  In  the  energy  in¬ 
cident  on  the  detector.  Although  the  pcsalblllty  exists  that  aoioe  instruments  may  Indicate  high 
and  that  this  error  Is  not  removed  by  calibration,  the  weight  of  the  evldenre  indicates  tnat  the 
low  values  are  In  error.  Using  these  highest  values,  there  is  in  many  cases  good  agresment 
between  calorimeters  and  radiometers  foi  a  given  event  and  aircraft. 

Typical  calorimeter  data  is  ehown  In  Figure  3.3.  A  common  problem  is  illustrated  here. 
Three  cslorlmetere  located  in  ths  same  al^  craft  at  the  same  station  simultaneously  receive 
radiant  energy  from  Shot  Apache.  As  Indl  ated  on  the  diagram,  the  three  calorimeters  had 
quartz  windows  and  either  00*  or  30'  ilelds  of  view.  The  differences  between  curves  cannot 
ascribed  to  variations  In  field  of  v  'w;  a  general  analyola  of  the  results  shows  no  correlation 
here.  Although  It  appears  that  owest  curve  can  be  brought  into  reasonable  coincidence  with 
the  two  upper  curves  through  multiplication  by  a  constant  (in  effect  a  view  calibration  factor),  no 
nonsubjectlve  evlQence  that  Is  available  permits  doing  this.  These  instruments  are  prssumed  to 
be  calibrated  In  absolute  units  and  In  the  absence  of  evldenc''  to  the  contrary,  this  calibration 
must  be  accepted. 

2.  The  average  value  of  the  specli.c  thermal  energy  from  barge  ahots  Is  shown  as  the  solid 
horizontal  line  of  Figure  4.3.  This  figure  indicates  a  reasonable  acsumptlon  for  the  specific 
thermal  energy  under  these  conditions  Is  E  »  1.3-kmVcm^>kt.  The  slant  range  is  restricted  to 
be  In  excess  of  5  km.  If  additional  data  from  two  tower  shots  Is  averaged  In  with  the  barge  data, 
the  average  value  of  £  tv. comes  1.4  cal-kmVcm^~kt.  This  Independence  of  range  Is  expected, 
because  a  consideration  of  the  water  vapor  spectrum  md  the  high  water  vapor  content  of  tropical 
Pacific  air  leada  to  the  conclusion  that  only  a  short  distance  is  required  to  rsmove  nearly  all  of 
the  energy  falling  within  the  water  vapor  absorption  bands.  An  inspection  of  the  last  column  of 
Table  4.1  Illustrates  the  magnitude  of  the  var.atlon  In  total  transmission  that  occurs  In  moist 
Pacific  air.  No  haze  correction  has  been  made  nor  has  a  correction  been  made  for  atmospi  eric 
gases  other  than  water  vapu.r.  With  the  exception  of  nitrogen  dioxide  whose  concentration  Is  un- 
knov  n,  carbon  dioxide  and  hase  are  assumed  to  glv  i  small  but  constant  attsnuatlon,  a  not  un¬ 
reasonable  assumption.  The  teats  were  conducted  under  conditions  of  good  visibility,  l.e.,  little 
haze.  Visibilities  were  reported  as  10  miles  or  more  (or  all  events  listed  In  Table  3.3  with  the 
exception  of  Shot  Zunl;  a  visibility  of  8  miles  was  reported  'or  thle  eveid:. 

No  correction  for  transmission  differences  has  been  oisde  to  ths  data  used  In  constructing 
Figure  4.3,  because  the  scatter  of  data  obscures  any  effect  ar*  ilng  from  these  differences. 

Although  the  scatter  of  Individual  data  masks  the  effect,  eloee  Inspection  indicates  that  the 
radiant  exposure  may  have  an  angular  dependence  of  the  form  discussed  in  Reference  1.  The 
angular  dependence  can  be  best  deecribed  by  reference  to  Figure  3.1.  This  figure  showe  that 
an  aircraft  at  a  small  angle  &  (nearly  over  the  fireball)  will  see  more  of  the  fireball  surface 
than  will  an  aircraft  flying  at  a  largtf  angle  fi.  In  Reference  1,  consideration  of  the  fireball 
brightness  and  projected  area  led  to  the  postulation  of  a  coe  Vs  ^  dependence  for  surface  bursts. 
To  test  this  postulate,  Figure  4.4  Is  presented. 

Figure  4.4  Includes  all  of  the  pertinent  data  from  surface  shots— Zunl,  Flathead,  Dakota, 
Apache,  Navajo,  Tewa,  and  Huron.  The  values  of  £  were  taken  from  Column  vn  of  Table  3.3. 
Figure  4.4  In  In  two  parto,  the  upper  graph  sho  ving  E  as  a  function  of  9,  while  the  lower  shows 
E/coa  %  9  as  a  function  of  0. 

The  spread  In  the  Individual  points  is  considerable,  b  t  It  appears  that 

— ^ —  «  1.45  (Curve  A  or  C)  (4.3) 

Is  a  better  fit  to  the  (iata  than 

F  -  1.28  (Curve  ,  )  (4.4) 

lo  the  aitgular  range  0"  '  60®,  either  ex,'re8Slon  fairly  represents  the  data. 
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3.  Because  of  the  variability  that  has  been  shown  to  exist  in  the  unfiltered  calorimeter  dciita 
and  because  of  the  lack  of  data  to  compare  several  sets  of  filtered  calorimeter  values  under  the 
same  ambient  condlllons,  large  absolute  errors  may  exist  In  the  calorimeters  equipped  with 
filters. 

4.  In  the  planning  stages  of  the  project,  it  was  hoped  that  some  Inforniatirin  on  the  effective 
albedo  of  the  water  surface  could  be  obtained  by  placing  calorimeters  In  the  underside  of  the 
fuselage  with  the  detector  surface  parallel  to  and  viewing  the  mean  water  surface.  Calorimeters 
oriented  to  this  geometry  have  been  designated  as  vertical  calorimeters.  Unfortunately,  as 
Figure  3.1  suggests  and  Column  IX  of  Table  3.3  verifies,  the  vertical  calorimeters  see  the  ei  dre 
fireball  and  its  immedla  e  surroundings.  As  a  result,  no  in.orinatlor  can  be  gained  concerning 
the  relatively  small  flux  reflected  from  water  areas  far  from  the  fireball. 

4,2.2  Comparison  of  Observed  Data  with  Predictions.  One  of  the  most  Important  results 
that  emerg  *s  from  this  study  is  the  verification,  or  lack  of  same,  of  equatlonSf.  graphs,  or 
nomegrams  that  were  used  for  pudlctive  purposes.  A  method  which  is  used  to  predict  the  ra¬ 
diant  exposure  is  described  in  Reference  22.  In  this  reference,  the  yield  of  the  burst  the  height 
of  the  burst  and  the  distance  of  the  receiver  from  the  source,  the  volocity  of  the  aircraft,  the 
moisture  content  In  the  atmospheric  path,  the  height  of  the  haze  layer,  and  the  visibility  are 
parameters  used  in  arriving  at  a  forecast  of  the  radiant  exposure.  Of  these  parameters,  the 
forecast  radiant  exposure  is  least  sensitive  to  the  ratio  of  the  visibility  to  the  height  of  the  haze 
layer  and  most  sensitive  to  the  range  effect.  These  concluHlons,  which  seem  to  be  nearly  self- 
evident,  were  reaffirmed  whon  recalculating  the  predicted  Q,  the  radiant  exposure,  using  ob¬ 
served  values  of  the  parameters.  It  was  found  that  the  predicted  Q  on  recalculation  was  in 
general  within  a  few  percent  of  the  Q  predicted  on  the  basis  of  planning  data.  That  this  occur¬ 
red  depended  overwhelmingly  on  the  fact  that  the  planning  data  on  the  yield  of  the  weapon  and 
the  positioning  of  the  aircraft  wait  that  subsequently  measured  In  the  test.  As  these  tests  are 
always  carried  out  in  relatively  cleai  air  so  moisture  laden  that  water  vapor  absorption  Is  near 
maximum,  the  weather  parameters  are  essentially  constants  In  the  predictive  equations.  This 
point  can  be  illustrated  as  follows. 

Figure  4.9  Is  a  plot  of  the  observed  radiant  exposure  Qbbs'  versus  the  calculated  radiant 
exposure  The  planning  data,  computed  from  the  nomograms  of  Reference  22,  refer  to 

the  radiant  exposure  on  a  horizontal  detector.  The  bulk  of  the  data  has  been  taken  with  the 
detector  surface  oriented  toward  the  fireball  rather  than  being  parallel  to  the  earth’s  suiface, 
thus  a  sec  B  correction  factor  (Figure  3.X)  biui  been  Incorporated  In  calculating  Qfec'  approxi¬ 
mately  correcting  a  horizontal  receiver  to  one  oriented  toward  the  fireball.  The  scattering  of 
the  (  bserved  data  Is  large,  but  the  trend  Is  correct.  The  data  scatters  aHiroxImately  evenly 
about  the  verification  line,  the  solid  line  at  45’*  inclination.  It  Is  reasonable  to  state  that  on  the 
average,  the  methods  used  to  predict  the  radiant  exposure  are  good.  The  unfortunate 

situation  exists,  however,  that  the  spread  in  the  observed  data  is  so  large  that  detailed  verifi¬ 
cation  cannot  be  mode.  The  spread  In  the  observed  data  at  any  one  predicted  radiant  exposure 
Is  as  large  as,  for  example,  the  difference  between  21  and  42  ral/crh*  for  a  predicted  value  of 
27  cal/cm*. 

Because  the  scatter  in  observed  data  Is  so  large,  a  rather  simple  picture  of  the  thermal  radi¬ 
ation  process  might  be  vlsunllzed.  Figure  4.4  indicates  that  the  value  Qi^/W  co8%  0  is,  to 
within  the  confidence  that  can  be  placed  In  the  data,  equal  to  a  constant  independent  of  range. 

The  value  of  the  constant  It,  1.45  cal-kmVcnii*-kt.  Using  this  value,  is  found  for  each  burst 

from 


^rec  =  I  **®  ^ 

The  equivalent  yield  W,  the  slant  range  D,  and  the  zenfth  angle  B  a-ce  known.  In  this  formula, 
W  must  be  expressed  In  kllotons  at  1  D  in  kilometers.  The  resulting  units  of  cal/ 

cm^  The  measured  radiant  exposure.  Qobs*  plotted  against  Qj-gj.  in  the  manner  of  Figure 
4.5  to  construct  Figure  4.6. 
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There  Is  ab«  it  the  eame  scatter  of  dtia  points  about  the  predicted  Q  In  4,6  as  is !  ere 

is  Sn  Figure  4,5,  This  fact  points  oat  tnat  the  simpler  formulation  derived  from  this  d-)ta  and 
used  in  constructing  Figure  4.6  results  in  predictions  for  these  specific  events  as  trustworthy* 
as  the  mere  elaborate  method  used  to  construct  Figure  4.5.  The  tower  shots  and  the  single  air- 
burst  have  been  included  in  Figure  4.6  as  well  as  the  barge  shots  from  which  the  predict  >n 
equation  was  constructed.  The  conclusion  that  can  be  drawn  from  these  two  figures  is  th«  re¬ 
fined  prediction  techniques  are  unnecessary  and  perhaps  misleading  as  long  as  the  data  fron. 
which  these  prog^ioKUc  techniques  are  developed  have  the  present  lack  of  precision. 

4.2.3  Comparison  of  Thermal  Yield  from  Air  Drop  and  Barge  Shot.  Shot  Cherokee  was  the 
only  air  drop.  The  aircraft  (kta  is  meager  so  that  a  comparison  of  the  thermal  yield  for  this 
air  drop  with  the  thermal  yield  from  a  barge  shot  could  only  be  made  In  a  few  instances.  The 
barge  shot  selected  for  comparison  was  Shot  Zunl.  The  only  usable  data  was  that  from  the  B- 
47  aircraft.  Comparison  could  be  made  between  three  sets  of  calorimeters  and  three  sets  of 
radiometers. 

Since  the  range  at  the  second  maximum  for  Cherokee  was  64,420  feet,  and  that  of  Zunl  only 
45,910  feet,  while  the  weapon  yields  were  similar,  the  thermal  exposure  and  Irradlance  data 
were  normalized  by  multiplying  by  dVw,  the  ratio  of  the  square  of  the  slant  range  by  the  ylelc 
The  normalized  data  was  used  In  the  following  way  to  construct  Figure  4.7. 

Three  calorimeters  were  found  for  Cherokee  that  had  thermal  records  that  e  ctended  to  at 
least  18  seconds.  Each  of  the  three  calorimeters  had  a  different  filter.  The  first  had  just  the 
quartz  window,  symbol  Q,  the  second  filter  A,  and  the  third  filter  B.  The  transmission  Inter¬ 
vals  measured  in  mlcrone  are  respectively  0.2  to  4.5,  0.7  to  2.5,  and  0.9  to  2.S.  In  Investigating 
the  Zunl  data  from  th<>  same  aircraft,  U  was  found  that  the  same  Instruments  in  the  Zunl  and 
Cherokee  events  were  equipped  with  the  same  filters.  This  fortunate  state  of  affairs  enabled 
the  comparison  to  be  made  with  the  same  instruments  equipped  with  the  same  filters  for  both 
Zunl  and  Cherokee.  The  ratio  of  the  specific  thermal  yield  Echerokee'^^Zunl  f<tken  as  a 
function  of  time  where  E  Is  defined  by  Equation  3.1.  This  gives  the  first  three  curves  of  Figure 
4.7.  The  filter  Is  the  constant  parameter  for  each  curve. 

The  fourth  through  sixth  curves  of  Figure  4.7  are  constructed  In  the  same  manner  as  the 
first  tl  ree  curves,  except  that  the  sensing  Instruments  were  radiometers  instead  of  calorimeters. 
No  filters  were  used,  only  quartz  windows.  In  this  set  of  measurements,  comparison  could 
also  be  made  between  the  same  three  Instruments  for  both  Cherokee  and  Zunl.  Here  the  com¬ 
parison  la  between  rates  at  which  energy  is  received,  rather  than  cumtuatlve  amounts  of  energy. 

The  evidence  supplied  by  Figure  4.7  (excluding  the  third  curve  from  the  top)  and  the  data  from 
Column  VII  of  Table  3.3  tbxt  apecillc  thermal  yield  of  Cherokee  is  of  the  order  of  0.8 
the  specific  thermal  yield  of  ^'4  iL  Stated  a  bit  differently.  It  appears  from  this  one  set  of  data 
that  an  aircraft  will  receive  at  much  and  perhaps  more  thermal  exposure  from  a  surface 

burst  than  It  will  under  compa>‘abio  tanditlona  from  an  alrburst.  Several  factors  may  contribute 
to  this  effect,  and  these  more  vhan  civ^fi^pensate  for  ths  reduced  fireball  area  presented  to  an  air¬ 
craft  flyli«g  at  a  low  elevation  angle  In  rewpect  to  the  fireball.  These  factors  include  an  enlarge¬ 
ment  of  the  hemispherical  radius  of  a  grr!:.ind  burst  over  an  equivalent  alrburst,  he  high  albedo 
of  the  shock  froth,  and  the  scatterlrg  by  the  air  and  clouds.  All  of  these  effects  tend  to  Increase 
the  thermal  flux.  A  dtscuselou  of  these  effects  is  piesanted  later. 

Using  the  equation  for  the  tnenmal  exposure  Qg  given  in  Referenda  1  and  using  the  available 
data  on  the  characterics  of  the  device,  the  positions  of  the  aircraft,  ana  Krablent  w^^ather  condi¬ 
tions,  It  was  calculated  that  the  total  radiant  exposure  that  would  lie  received  on  a  horlzoi.tal 
detector  In  the  B-47  aircraft  for  Cherokee  was  13.8  cal/  cm^  dlstilbuted  such  that  8.1  cal/  cm' 
were  received  In  the  visible  and  5.7  cal/ cm*  were  received  In  the  infrared.  Corresponding 
values  as  calculated  for  Zunl  gave  respectively,  13.9,  1.6,  and  12.3  cal/cm*.  A  surface  albedo 
wsuB  chosei)  as  p  »  0.6. 

The  only  available  data  from  Table  3. '7  check  these  calculatlone  were  the  second  entry 
under  Cherokee  and  the  first  and  second  emtles  unrzr  Z*i«‘  Cherokee  value  was  4.69 

cal/cm*  received  In  the  Infrared.  The  Zunl  values  were  18.6  cal/ cm*  total  and  13.0  cal  cm*  in 
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thr  infrared.  The  onl/  direct  check  that  can  be  made,  therefore,  ia  In  th  ^  infrared  where  the 
calculated  values  of  5.7  and  12.3  cal/cm*  can  be  compared  with  the  mea8^lred  values  of  4.39  and 
13.0  cal/cm^  respectively.  The  ratios  5.7/12.3  and  4.69/13.0  ire  respectively,  0.46  and  0.36. 

weelaAkM  ls«  ^tfiswwMSf  rxi  tv.  rjerA  avo  t«l oKl  1  l^is  #'Ka# 
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exist  in  the  data. 

A  comparison  between  theoretical  and  experimental  thi^rmal  exposures  for  calorimeters 
pointed  dlnctly  at  the  fireball  is  not  so  straightforward,  mainly  oecauee  of  the  approximate 
correction  made  to  Qe  in  order  to  esliiuate  the  direct  radiant  exposure.  The  correction  is 
g(h  metrical,  and  rotates  the  horizontal  receiver  to  a  position  where  the  normal  to  the  receiver 
surface  points  directly  at  the  fireball.  This  rotation,  of  course,  maximizes  the  direct  flux 
incident  on  the  receiver,  but  la  not  a  rigorous  correction  for  the  scattered  and  reflected  fluxes. 
However,  as  the  theory  Is  relatively  insensitive  to  the  Indirect  as  compared  with  the  direct 
flux,  the  orientation  of  the  receiver  in  respec;  to  the  direct  flux  is  »  factor  of  primary  magnitude. 
In  terms  of  the  angle  9  of  Figure  3.1,  sec  9  Is  an  estimate  of  11'$  dl.  ect  flux.  For  Chero¬ 
kee,  this  Increases  the  total  radiant  exposure  from  13.8  to  24.0  cal/cm^  and  for  Zunl  the  cor¬ 
responding  valus  Increases  from  13.9  to  20.0  cal/ cm’.  The  ratio  24.0/20.0  «  1.2  is  50  percent 
higher  than  the  0.8  estimated  from  Figure  4.7. 


4.2.4  Determination  of  Irradiance  from  Calorimeter  Data  for  Shot  Dakota.  Since  Shot  Dakota 
hasl)e«n  selected  to  receive  a  <letall[e<d["l^tographlc  anaiysls  (lection  4.5),  an  attempt  will  be 
made  to  extract  more  information  from  tho  calorimetric  data  that  has  already  been  presented 
In  Table  3.3.  The  method  to  be  used,  though  basically  sound,  leads  to  results  of  limited  value. 
This  statement  la  made  lor  two  reasons.  First,  there  la  a  relatively  large  uncertainty  In  the 
accuracy  of  tlis  stated  experimental  values.  Second,  the  atsted  wavelength  Interval  is  only  ap- 
proKltnate  because  of  the  specific  transmission  characteristics  of  the  filters  mentioned  earlier. 
With  these  llmltetions  in  mind.  Figure  4.8  has  been  constructed. 

Figure  4.8  Is  s  plot  of  the  Irrsdlancy  in  several  narrow  wavelength  Intervals  as  a  function  of 
the  logarithm  of  time.  The  direct  energy  from  the  fireball  of  Shot  Dakota  was  measured.  This 
curve  la  a  derived  curve,  constructed  from  filtered  calorimeter  data.  In  theory,  the  slope  of 
the  time-dependent  radiant  exposure  curves  (calorimetor  data)  yields  Irradiance.  The  differ¬ 
ence  In  two  Irradlancas,  each  filtered  differently,  that  view  the  same  thermal  event  for  the 
poinitlon  In  space  Is  used.  This  difference  ts  Just  the  irradiance  that  would  be  received  by  a  cal¬ 
orimeter  having  a  (liter  whose  transmission  was  the  difference  of  the  two  filters  used.  By  this 
differencing  technique,  It  to  possible  to  estimate  the  Irradia.ices  for  the  wavelength  intervals 
listed  In  Table  4.5 

Figure  4.9  Is  similar  to  Figure  4.8.  In  this  figure,  the  Irradiance  from  Dakota  measurt^ 
by  calorimeters  pointing  vertically  downward  Is  presented.  Because  of  the  obtlquUy  tactar  dis¬ 
cussed  in  Chapter  3,  the  IrradUncy  in  Figure  4.9  Is  less  st  any  Instant  of  tima  than  the  irradlancy 
given  by  Figure  4.8.  Like  plots  fer  other  events  showed  similar  characteristics. 

No  particular  inferences  should  be  drawn  from  the  (set  that  the  time  to  maximum  irradiance 
of  curve  Q-A  in  Figure  4.8  Is  greater  than  times  s'wwn  by  the  other  curves.  The  smoothing  of 
the  date  and  subsequent  numerical  differentiation  does  not  lead  to  curves  of  sufficient  accuracy 
for  evsluatlng  such  (ins  detail. 

In  constructlr  c  these  curves,  smoothing  of  the  data  ts  necessary.  This  precaution  Is  es¬ 
pecially  pertlne  i  when  large  r  nounts  of  data  ars  processed  by  machine  methods  without  the  in¬ 
clusion  In  the  pLOgrsm  of  a  emoothing  routine.  Otberwlsi,  the  slopes,  and  hence  the  Irradlancy, 
are  extremely  sensitive  to  snuill  errors  In  the  calorimeter  data.  Tlie  smoothing  of  these  curves 
was  accomplished  by  using  a  running  mean  of  five  points,  where  each  point  was  of  the  order  of 
0.05  second  apart. 


4.2.5  Hadlom«4tric  Determination  of  the  Source  Color  Temperature.  An  IndU  -ct  product  of 
theM  therrrmrmen^ur^i^  is  an  estimate  of  the  efifective  black  body  lemperabire  of  the  source. 
For  thla  section  of  the  report,  the  color  temperature  of  the  sour^'e  will  l>«  defined  m  that  ticmp- 
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eralure  used  to  con*  ruct  c  >Uck  body  curve  that  best  fits  the  observeu  data,  when  corrected  for 
all  known  absorptions  Fro.n  a  consideration  of  the  uncertainty  In  the  accuracy  of  the  d%Ca  used 
to  arrive  at  the  final  anawer,  it  ia  eatimated  that  the  error  in  a  temperature  determination  may 
be  of  the  order  of  i  1,000*K.  Only  Shot  Dakota  was  analyzed,  using  data  supplied  from  the  B-57. 
The  results  of  this  analysis  Is  a  curve  of  temperature  as  a  function  of  time  (Figure  4.10).  This 
figure  Indicates  that  the  highest  temp..‘rature  attained  was  of  the  order  of  6,000” K.  This  peak 
temperature  occurred  at  the  Instant  when  maximum  irradlance  was  measured,  This  high  temp¬ 
erature  Is  about  a  factor  of  2  greater  than  the  3,000* K  temperature  assumed  for  surface  bursts 
In  Reference  1. 

To  derive  the  da!  4  from  which  Figure  4.10  was  constructed.  It  was  assumed  that  the  ratio  of 
the  Irradlances  measured  in  two  different  filter  regions  was  Just  the  ratio  of  the  black  body 
energy  leaving  the  source  corrected  for  the  known  absorptions.  The  known  absorptions  lor  the 
regions  selected  are  due  to  water  vapor,  carbon  dioxide,  and  the  filter  absorptions.  The  visible 
region  was  not  used  because  of  the  unknown  transmissivity  of  NOj  and  N2O4.  Figure  4.2  gives 
he  absorption  per  unit  length  at  standard  temperature  and  pressure  for  these  two  gases,  but 
as  the  concentration,  temperature,  and  distance  from  the  fireball  of  the  gases  was  unknown, 
no  transmissivity  could  be  determined.  In  the  vicinity  of  the  fireball,  absorption  and  re¬ 
emission  of  radiation  Is  a  complex  phenomena  for  which  Figure  4.2  Is  of  limited  validity. 

Radiosonde  balloons  launched  Just  before  the  event  indicated  that  54  mm  of  precipUable  water 
occupied  the  path  the  radiation  subsequently  traverse  1  between  source  and  receiver  at  time 
aero.  The  carbon  dioxide  content  of  the  atmoaphere  Is  relatively  constant  and  known.  Thus, 

It  waa  possible  to  estimate  the  tranamlaslvitles  of  water  vapor,  carbon  dioxide,  and  the  filters 
as  functions  of  wavelsogth.  Thsse  transmissivities  will  be  Indicated  as  ti,  T{,  and  respec- 
tivsly.  Tbs  subscript  1  Is  a  gsneral  filter  Index,  where  the  Index  syatem  Is  the  same  ai  used 
earlier  In  Chapter  3  (Table  3.4).  Using  symbols.  It  Is  expected  that  two  Instruments  on  the 
same  aircraft  which  review  the  same  event,  will  show  ths  following  ratio  of  Irradlances. 


In  ths  abovs  aquation 


/*°  Tt  ta-  b  «  (T)  d  X 
’“l’■ITg_(;.<(T)dX 

0 


<(T) 


CjA-* 

A  r 

s  -1 


(4.6) 


(4.7) 


ths  black  body  Intsnslty  function  exprssssd  in  conventional  symbols.  This  function  is  tempera- 
turs  aa  wall  as  wavelength  dependent.  Tables  of  this  function  exist  In  a  form  suitable  for  com  ¬ 
putation.  If  snoall  and  uniform  Intsrvala  dX  are  chosen  and  ths  t^s  and  ((T)  are  replaced  by 
their  mean  alues  over  the  Interval,  Equation  4.6  takes  ths  simple  'orm 


Ha-b  . 

®B-C  C  " ”B- 


(4.8) 


'A-B  C  ****  a  value  otVsr 


In  practice,  the  summation  Ui  taken  over  all  intervals  where 
than  aero. 

The  ratio  2  h^_  g(T)/z:  hp_(;(T)  can  be  found  from  available  data  using  several  arbitrary 
temperatuz  es  and  the  results  pl^tod  aa  functions  of  ths  temperature.  This  procedure  leads  to 
Figure  4.11,  constructed  for  the  following  paiameters 

Water  vapor  60  mm  of  preclpltable  water 

Carbon  dioxide  250  atmosphere-cm 

Filter  A-B  0.7  to  0.9  micron 

Filter  B~  C  0.9  to  2.0  microns 


Tliese  pars  i.fttfrrs  describo  Shot  Dak  ota  as  viewed  from  the  B-57. 

To  consiruct  Figure  4.10,  the  Irradlance  data  as  derived  from  the  filtered  calorimeters  to 
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form  tiie  ratio  B-  C  used.  From  the  original  data 


‘A~  B 


»A-»B 


(4.9) 


Hg_(;  ■-  Hg-H^  (4.10) 

where  th>  letter  subecripts  represent  the  filters  described  earlier.  The  ratio  of  irradiances 
changes  with  time.  Assuming  the  equafity  specified  by  Equation  4.8,  Figure  4.11  can  be  entered 
to  find  a  temperature  consl''tent  with  the  observed  ratio  Hy^_g/Hg_  This  temperature  plotted 
at  he  time  this  ratio  was  measured  is  a  point  on  the  graph,  Figure  4.10. 

It  is  unfortunate  that  more  spectral  regions  are  not  available  for  analysis,  so  oat  these  re¬ 
sults  can  be  checked.  Data  from  the  region  2.0  to  2.5  microns  was  not  used  because  of  the  low 
signal -to-noise  ratio  and  the  low  signal  level  exhibited  by  the  data.  The  region  from  0.2  to  0.7 
micron  could  not  be  used  because  of  the  lack  of  information  concerning  the  transmissivity  of 
NOj  and  N2O4.  In  principle,  the  average  transmissivity  of  the  combination  of  these  two  gases 
could  be  determined  11  the  validity  of  Figure  4.10  is  accepted.  An  equation  of  the  form  of  Equa¬ 
tion  4.7  would  be  used,  except  that  T  is  now  known  and  one  average  is  unknown.  Here  t 
is  defined  from 

't\  2  r,  Tj  €  (T)  =  S  7,  T2  Tj  (T)  (4.11) 

The  crudeness  of  the  data  does  not  merit  this  additional  reflnemeni. 


4,3  ANALYSIS  OF  LOW- RESOLUTION  SPECTROGRAPHIC  DATA 

4.3.1  Structure  Identification.  Considerable  effort  was  spent  In  trying  to  Identify  the  absorp¬ 
tion  structure  shown  in  the  spectrographic  traces  (Figures  3.8  through  3.20).  The  results  of 
this  Investigation  are  shown  in  Figures  4.12  and  4.13.  Figure  4.12  is  a  composite  of  laboratory 
absorption  spectra  of  NO2  taken  at  various  amounts  of  absorber  concentration.  Figure  4.13 
presents  a  comparison  of  the  laboratory  absorption  spectra  with  two  frames  from  a  typical 
shot.  It  is  evident,  from  data  of  this  type,  that  in  the  siectral  region  considered  nearly  all  of 
the  spectral  str  icture  can  be  attributed  to  the  absorption  of  radiation  by  NO2. 

The  amount  u(  absorber  present  was  determined  by  the  method  described  in  Reference  23. 

This  involves  the  use  of  differential  absorption  coefficients  based  upon  the  values  of  the  absorp¬ 
tion  coefficient  of  NO2  measured  at  room  temperature.  The  results  of  this  analysis  are  sum¬ 
marized  In  Table  4.6.  It  Is  felt  that  these  amounts  represent  lower  limits  tothe  absorber  con¬ 
centrations  present.  Errors  due  to  slit  width  corrections  could  increase  these  values  by  as 
much  as  20  percent,  although  these  errors  are  probably  small  as  compared  to  the  errors  Intro¬ 
duced  through  the  use  of  room  temperature  absorption  coefficients. 

Examination  of  the  last  column  of  Table  4.6  reveals  that  the  conce.itrstlon  at  the  time  of 
the  second  maximum  is  roughly  independent  of  the  device  yield.  This  implies  that  the  absolute 
amount  of  NO2  present  at  this  time  varies  in  direct  proportion  to  the  square  of  the  fireball  radius - 
This  in  turn  implies  that  the  concent i-  tlon  varies  approximately  with  the  yield  raised  to  the  two- 
thirds  power. 

Thus,  at  least  in  the  visible  portion  of  the  spectrum,  the  spectral  histories  of  all  events  ap¬ 
pear  q  itte  similar,  regardless  of  the  yield.  A  large  amount  of  NOj  Is  formed  quite  early  In  the 
bomb  history  and  persists  throughout  the  entire  event.  The  actual  amount  of  NO2  formed,  the 
mechanisms  of  lormatloo.  and  the  rol  it  plays  in  thermal  radiation  cannot  be  precisely  deter¬ 
mine. 1  until  absorption  (oefflclents  for  NO2  are  known  for  the  Ismperatures  Involved, 

4.3.2  Spectrographic  Determination  of  Color  Temperature.  To  simplify  thermal  radiation 
Oux  calculations,  it  is  desirable  to  represent  the  spectrai^dlsTrlbutlOi.  of  the  radiation  by  a  single 
number.  This  leads  to  the  concept  of  spectral  temperatures.  Attempts  were  made  to  find  a 
color  temperature  that  would  represent  the  data  during  a  major  portion  of  the  thermal  pulse. 

When  the  relative  spec’ral  Intensities  were  reduced  to  plots  of  Wlen’«  law,  it  was  found  that 
they  deviated  consider  4biy  from  a  gray-body  distrlbuti  m.  This  U  due  to  the  tenuous  nature  of 
the  fireball  as  well  Jt  the  large  absorptions  by  b»nce  temperatures  determined  from  the 
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Wien  plot#  wouid  have  been  quite  low  and  clearly  not  representative  of  li.e  fireball  Hurface  temp¬ 
erature,  It  waa  decided  to  obtain  a  iemperatare  for  each  wavelength  interval  defined  by  the  siur- 
face  brightness  of  (he  fireball  in  that  interval  Thu#,  it  wouid  be  possible  *o  obtain  a  set  of 
temperatures  as  a  function  of  wa%’elength  as  well  as  a  function  of  time. 

This  method  Involved  the  measurement  of  absolute  spectral  intensities,  correction  for  air¬ 
craft  position  as  a  function  of  time,  corrections  for  the  nonsphertcal  shape  of  the  tirebatl,  and 
assumptions  as  to  the  effective  fireball  emissivdy.  For  the  purpose  of  these  calculations  the 
fireball  wan  assumed  to  have  an  emis<dvity  of  0.63  and  the  shape  correction  wail  that  recom¬ 
mended  in  Reference  1,  for  a  hemispherical  surface  burst. 

The  results  of  this  calculation  are  summarized  In  Table  4.7.  The  temperatures  presented 
here  are  for  the  wavelength  region  from  4,400  to  6,000  A,  the  higher  valuea  of  temperature  cor¬ 
responding  to  the  longer  wavelength.  In  nearly  all  cases  considered,  the  temperature  at  any 
time  during  the  pulse  increased  with  increasing  wavelength.  Also,  In  general,  the  spread  of 
tempen  ure  values  decreased  with  increasirtg  time  after  the  second  maximum. 

If  the  logarithm  of  the  temperature  Is  plotted  as  a  function  of  the  logarithm  )f  time,  It  is 
seen  that  the  average  values  of  the  temperatu  s  fall  along  a  straight  line,  the  slope  ci  which 
is  minus  Vi  as  suggested  by  Reference  24.  Ute  data  was  reduced  by  this  slope,  and  the  result¬ 
ing  intercepts  were  plotted  as  a  function  of  the  weapon  yield.  This  resulted  in  the  empirical 
equation, 

T  »  2570  W®  ‘^  t‘^*,  (4.12) 

Where:  T  =  temperature  In  "K 

W  -  weapon  yield,  kllotons 
t  s  time,  seconds. 

This  equation  holds  only  for  times  greeter  than  the  time  of  the  second  thermal  maximum  At 
the  secor^  maximum.  Equation  4.12  reduces  to 

T  »  8690  (4.13) 

In  order  to  facilitate  comparison  of  the  spectral  data  with  that  obtained  from  calorimeters 
and  radiometers,  it  seemed  deslrabl  '  to  obtain  an  average  color  temperature  for  the  entire 
thermal  pulse.  This  was  accomplished  by  plotting  the  relative  spectral  intensities  as  a  function 
of  time.  The  resulting  power-time  curves  were  (graphically  integrated,  and  the  values  of  the 
Integral  fitted  to  Wien’s  law.  This  resulted  in  an  effective  integrated  color  temperature  for  the 
visible  region.  The  results  are  ^presented  In  Table  4.8.  The  type  of  temperature  presented 
hsjte  Is  equivalent  to  that  determined  from  measurements  made  with  filtered  calorimeters,  the 
main  difference  being  that  the  calorimetric  temperatures  are  essentially  measures  of  the  color 
temperature  in  the  Infrared. 

Thus,  due  to  the  variation  of  the  fireball  abs  orption  coefficient  with  wavei(>ngth,  U  is  impos¬ 
sible  to  represent  accurately  the  spectral  distribution  of  the  radiation  In  the  visible  region. 
Approximate  values  for  the  spectral  temperature  for  times  greater  than  the  second  i,:^.axlnium 
can  be  estimated  from  Equation  4.12. 

4.3.3  Time  to  Second  Maximum  Spectral  Dependence.  In  exi^mlnatlon  of  the  spect  rat  power 
time  curves,  it  was  noticed  that  the  curves  for  dUfcreul  wavelength*  peaked  at  different  limes. 
Time  to  the  peak  was  determined  from  the  peak  of  the  smooth  curve  through  the  data  po  inte  for 
each  wavelength.  The  resulting  times  were  then  fltte.d  by  the  method  of  least  squares  to  Hn 
equatloiT  of  the  form 

S,iax  " 

Where;  t,nax  '  *  second#  to  the  second  maximum 

W  ^  yMild,  kiiotons. 

T)^>e  values  of  b  obtained  from  the  above  relation  scattered  In  a  random  fashion  from  0.45  iu 
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(4,15) 


0,52. 


It  was  decided  to  fix  b  at  0.50  and  solve  for  K  as  a  function  ot  wavelength. 


t 


max 


K(X)W‘^ 


Thus, 


When  plotted  versus  wavelength,  values  of  K  determined  In  this  manner  resulted  in  a  band  of 
data  points  indicating  a  general  trend.  For  each  wavelength  the  rms  value  of  K  was  calculated 
and  a  smooth  curve  fit  to  the  points.  The  results  are  summarised  in  the  table  of  K(X)  coeffic',  nts 
(Table  4.9).  Table  4.10  presents  a  comparison  of  the  measured  t^ax  values  with  the  ones  cal¬ 
culated  from  Equation  4,15,  using  the  coefficients  In  Table  4.9. 

Variations  In  the  time  to  the  second  maximum  with  waveierf^h  have  been  found.  These  varia¬ 
tions  are  most  probably  the  result  of  the  varyli^  transparency  of  the  flrebal’  s  a  function  of 
wavelength  and  time.  That  Is,  as  the  fireball  becomes  more  transparent  radiation  is  measured 
from  regions  of  higher  temperature.  This  Interpretation  Is  consistent  with  the  behavior  of  the 
NOj  absorption  coefficient. 


4,3.4  Fireball  Diameter  Correlation.  In  the  process  of  determining  spectral  temperatures, 
it  was  necessary  to  measure  the  fireball  radius  as  a  function  of  time.  This  was  accomplished 
by  measuring  the  Image  diameters  photographed  with  cameras  adjacent  to  the  spe  t  igraphs. 
These  image  diameters  were  related  to  fireball  diameters  through  knowledge  of  the  aircraft 
position  and  camera  focal  length.  As  i  byproduct,  these  data  were  analyzed  with  respect  to  the 
scaling  laws. 

It  was  found  through  the  method  of  least  squares  that  the  maximum  fireball  radius 
obeyed  the  relaf'^n 

=  330  W®-**  (feet),  W  =  yield  (kt)  (4.16) 

and  the  radius,  Rt,  at  t  ^  ^max  varied  as 

Rt  =  266  (feet),  W  «  yield  (kt)  (4.17) 

max 

These  results  are  summarized  in  Tables  4.11  and  4.12. 


4.4  ANALYSIS  OF  PHOTOGRAPHIC  DATA 

The  remainder  of  this  chapter  is  concerned  with  the  interpretation  of  the  photographic  records 
taken  from  the  four  aircraft.  The  phenomena  of  Interest  were  those  of  significance  In  the  pre¬ 
diction  of  the  thermal  radiant  exposure  and  Irradiance  at  a  point  in  space  as  a  result  of  the  nu¬ 
clear  explosion.  To  this  end,  the  time  history  of  the  fireball  and  its  associated  reflecting,  ab¬ 
sorbing,  and  scattering  elements  have  been  studied  over  the  complete  thermal  development  time 
of  the  detonation. 

This  section  treats  several  of  the  ancillary  features  which  are  observed  in  each  detonation, 
and  serves  as  a  further  Introduction  to  the  more  complete  analysis  c(  Shot  Dakota  (Section  4.5) 
and  of  the  absorption  shell  phenomenon  (Section  4.6). 

4.4.1  Hot  Spots.  Good  examples  of  this  effect  are  shown  In  the  reproducMons  of  the  two 
Dakota  Polaroid  shots  and  In  most  other  series  as  well  (see  Appendix).  The  bright  areas  appear 
to  be  fairly  randomly  Interspersed  in  'he  outer  regions  of  the  fireball;  they  are  of  course  not  as 
easily  detectable  against  the  bright  background  of  ihe  central  portions.  Spots  are  observed  up 
to  the  very  edge  of  the  fireball  or  absorption  shell,  but  not  outside.  Ihe  spots  have  a  alee  dis¬ 
tribution  ranging  from  Just  resolvable  specks  up  to  areas  subtending  such  large  angles  that  they 
appear  to  be  100  feet  across.  (R  oiutlon  of  the  MlrrofUe  film  Is,  typically  5  feet  in  these 
photographs;  the  lens  system  decreases  this  resolution  to  two  or  three  times  this  figure  for  the 
f-numbers  used.)  However,  Irradiation  (image  growth  by  diffusion  In  the  emulsion)  could  ac- 
ci.unt  for  all  or  part  of  the  Image  size.  (But  see  below.  ) 

In  the  Polaroid  photographs  ehown,  the  spots  appear  at  abtiut  half  the  time  to  minimum  ard 
gradually  become  undetectable,  first  visually  and  Chen  densitometrlcaliy ,  as  the  lireball  hrigtitens. 
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Those  In  the  absorption  hell  are  still  detectable  up  to  ab<i'.  3  x  minimum,  t*  *- which  tlmu 
they  fade  Into  the  background.  This  same  behavior  is  observed  in  the  Red  photographs.  In  *!ie 
Blue  frames,  the  hot  spots  first  appear  on  the  film  and  expand  with  t*me  (expanding  star  cluster) 
when  there  Is  no  visible  continuous  firebaii;  consequently  ail  the  blue  flux  affecting  the  film 
for  a  few  frames  Is  from  the  hot  spots.  The  Individual  sp^ts  are  distinguishable  against  the 
dimmer  background  up  to  about  6  x  minimum.  Only  1  percent  of  is  e  Integrated  thermal  flux  has 
been  emitted  at  3  x  minimum,  and  alxiut  8  percent  at  6  x  minimum,  so  that  the  mutrlbutlon  of 
the  hot  spots  to  thermal  damage  Is  In  any  case  small. 

A  microscopic  examination  of  the  Red  image  of  *he  spots  faiLs  to  show  acy  struL-ture  resolved 
by  the  camera  system.  The  spots  appear  circular,  vc,  occasionally,  oval  with  the  short  axU 
radial  from  the  fireball  center.  Since  they  are  smaller  than  the  slit,  no  density  profile  can  be 
made.  Consequently,  It  Is  not  possible  to  decide  from  the  Red  data  whether  they  are  us  large 
as  they  appear  (which  is  very  large  indeed),  or  whether  the  extended  bright,  spot  Is  due  )  light 
diffusion  effects  In  the  emulsion.  There  are,  however,  no  noticeable  diffusion  effects  at  >tlicr 
sharp  demarcation  lines,  such  as  the  fireball  edge  in  Frame  Zero. 

Most  of  the  Blue  series  show  a  dark  tail  on  the  orlght  hot  spc^its.  An  example  is  Dakota 
Series  36299,  shown  in  the  Appendix.  These  tails  appear  to  extend  radially  out  from  the  firi>..:d! 
center;  their  length  generally  Increase  with  projected  distance  from  the  center.  Thus  the  tail 
gives  the  appearance  of  being  the  shadow  of  the  bright  area.  Since  no  question  of  Image  diffusion 
is  involved  with  these  dark  streaks,  and  since  the  streak  width  Is  the  same  as  the  width  of  tlu^; 
hot  spots,  the  hot  spots  must  have  essentially  the  finite  extent  measured  on  tue  film. 

The  finite  slit  size  makes  the  relative  light  contribution  of  the  spots  difficult  to  evaluate. 

Near  minimum  In  blue  light  this  figure  Is  approximately  100  percent  as  noted  above.  For  the 
red  between  minimum  and  3  <  minimum  a  crude  value  of  10  percent  may  be  assigned  by  estima¬ 
ting  the  fractional  area  of  the  fireball  covered  by  the  spots  as  1  percent,  and  the  ratio  of  s|>ot 
brightness  to  brightness  of  surroundings  as  10. 

It  la  possible  to  Identify  the  same  hot  spots  in  the  various  series  of  photographs  ui  detona¬ 
tion,  and  to  trace  individual  histories.  The  bright  local  aicas  appear  to  move  out  wit*  the  ex¬ 
panding  fireball;  their  relative  positions  therefore  change  only  slowly. 

4.4.2  Plume.  This  large  topknot  appears  to  be  a  billowy  cloud  of  opaque  gas,  developing  at 
about  the  time  of  minimum.  A  plume  Is  visible  on  all  the  ground,  »vater,  and  barge  detonations, 
but  none  Is  detectable  on  Erie  or  Mohawk,  the  two  tower  shots;  and  none  Is  resolvable  on  air- 
burst  Cherokee  (which  has  extremely  poor  photographic  coverage).  Presumably,  then, the  plume 
Is  associated  with  an  Interference  « ifect  of  the  early  shock  wave  reflected  Irom  the  surface. 

The  genesis  of  the  plume  appears  to  be  as  follows.  A  large  hot  spot,  or  group  of  hot  spots, 
generally  less  bright  than  the  other  hot  spots,  develops  near  the  crown  of  the  fireball  at  about 
the  time  of  minimum  It  Is  first  observed  somewhat  later  on  the  blue  films).  An  enlarged  view 
of  the  hot  spot  on  Dakota,  In  the  Blue,  shows  it  to  consist  of  four  resolvable  brigtP  ^pots,  ar¬ 
range)  in  a  rough  square.  This  spot  bright*  ns  ai  Ji  then  darkens,  growing  into  a  large  dark  vol¬ 
ume  extending  In  later  frames  wll  above  the  fireball.  'Fhe  limb  of  thl.s  plume,  and  particularly 
Its  very  top  In  early  frames,  may  be  luminous  in  the  Red;  h'jwever,  the  idume  Is  always  unite 
opaque  In  the  Blue. 

The  plume  appears  to  develop  earlier  in  scaled  time  for  low-yield  devicfc;i  'r*.in>ipare,  f***- 
example,  the  Lacrosse,  Flathead,  arc  Zunl  photographs  In  the  Appeitdix).  Con.nequently,  iSs 
effect  on  the  thermal  flux  from  low-yield  weaiHmts.  should  be  relatively  larger  tlian  Its  effort  on 
larger  ones. 

A  detailed  analysis  of  the  thermal  flux  obs.  ,i!recl  by  the  plume  isas  not  been  made.  However, 
estimates  of  the  obscuration  of  the  thermal  flux  front  a  megaton-yleht  dedee  su.  h  as  Haku'ia 
can  be  mad®  from  the  several  series  of  pictures  in  ,.'\e  Appendix,  in  general,  the  piunu*  appeal s 
to  obscure  about  twice  as  much  of  the  fireball  in  the  Blue  photographs  as  In  the  Red  ones  Keep 
In  mind  that  the  fraction  of  thermal  fi’m  conning  from  the  fireball  proper  is  roughly  i<<  6U  jm  i  - 
cent  (Section  4.5,3),  the  photographs  (Apptnidtx)  show  that  In  Sate  f?;one«  (say  3  to  the  pirinns 
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ran  lilork  aia  nwrh  as  50  percent  of  fhe  direct  fluK  ,reachir»g  a  dsit'.riur  fflfcoyj;  suri’ace 

y;ero.  ('J'fie  pii'-me,  oi  conroe,  rft'duce^  the  a!«o..  5  I'he  i'h«  5,-d  detect^'iru  1*8 

reduced  b**'  a  much  ssiual'ier  factor,  an  thf-  ptctw.r«a  terete.  At  times  Jiewir  fireball  rofai^Hmura, 
whi'.v-e  the  fVuA  j'Bie  i»  mmtt  m*rmn  tlnseiS  as  gve«i.  at  4  the  pliune  c, overs  no  mord  than 

a  tenth  of  the  (Dakota)  ftreball  are;?,  vJewed  the  cwiilcaL  An  ov«ra?.l  estlmj‘‘:e  cf  tht  totat 
ipfeg rated  thermvil  fl\(x  obscur<S'd  by  the-  plume  k.  aO  Its  Blages  oi  dev-feloproant,  ?.s  5  pfrce^il. 
I'nia  Ilgore  is  higher  for  small  devlceai  arsd  Soycr  for  large  onef«,. 


4.4.3  WU»iJn  Cicud.  At  late  ia  the  stiock  sisveSopment,  the  aJr  temperature  sou’»»- 

wlsaf^hhs'iltiiiie  »hock  front  fslle  beioi?^  ambient;  this  causes  condensation  oi  atmofeph^'rte  watar 
vajiKtr  into  droplets  -on  cloud  effect).  A  cloud  sta;.,ts  to  form  near  ths  insld*  e%e  oi  tha 
shock  V 've,  and  then  grows  Inward,  appesrhrg  to  t  *ke  on  the  shapfs  ol  an  amphStheatre;  it  ex  ¬ 
tends  In,  typically,  to  about  one  firabaU.  radius  from  the  fireball  surface.  Tn  passing  U  may 
be  noted  that,  when  the  Wlleon  cloud  first  btglrie  to  form,  it  appears  to  re  orsdense  the  same 
trade  wind  cumulus  clouds  that  hart  bee  evaporated  by  the  expandhtg  ssSsock  wave  a  second  or 
so  earlier;  in  fact,  cases  arc  observed  in  which  only  th?i  side  of  a  cloud  near  ihe  fireball  is 
evaporated,  and  then  appears  to  rs-form  almost  Immediately.  Thl^  behavior  is  of  course  ex¬ 
pected,  as  supersaturation  is  ftrsv.  reached  In  those  regions  in  which  there  is  a  local  winter 
vapor  surplus:  the  vapor  from  the  clouds  and  the  condensation  nuclei  have  not  had  time  to  diffuse 
away  before  the  conditions  for  cloud  re-formation  are  reached.  Then,  as  the  temperature  is 
lowered  fuHher,  atmospi^eric  vapor  ''"^ndensos  Into  the  larger,  bowl~shap«d  cloud. 

The  time  (in  <  of  frames  or  b4th  .second)  at  which  the  first  sections  of  Wilson  cloud  is 
seen,  is  shown  in  Table  4.13.  Tt  ese  figures  are  not  to  be  taken  as  extremely  accurate,  because 
an  early  cloud  formation  may  be  engendered,  by  fortuitous  local  conditions  (such  as  the  presence 
of  water  vapor  from  a  recently  shock  evaporated  cumi  lus  cloud).  Nevertheless,  Khere  is  evi¬ 
dence  that  the  onset  of  Wilson  cloud  formation  does  ne  t  sccle  with  the  thermal  effects,  that  is, 
as  (yield)  his  is  shown  by  the  late  (in  terms  i  ’  unbs  of  time  to  maximum  thermal  output) 
formation  of  t  ..e  Wilson  cloud  In  Mohawk;  the  relatively  late  formation  in  Dakota  (which  was 
eb’ierved  from  several  aircraft  stations)  and  Apache;  and  the  observation  that  the  thermal  flux 
from  the  fireball  wa  not  great  enough  to  show  the  Wilson  cloud  (if  it  indeed  was  formed)  in  the 
three  lowest  yield  detonations.  The  time  for  Wilson  cloud  formation  appears  to  scale  with  the 
other  hydrodynamic  phenomena,  that  is,  as  (yield)  see  the  last  column  in  Table  4.13.  (Note 
agaiCA  that  a  higher  detection  efficiency  works  In  ihe  direction  of  making  the  Wilson  cloud  of 
Dakot..t  .'Appear  early. ) 

In  av,  vent  the  Wilson  cloud  does  not  obscure  a^  apprc'Ciable  fraction  of  the  fireball  or  shock 
froth  untfl  3  to  6  when  about  90  percent  of  the  thermal  flux  has  alreadv  been  emitted 

from  the  vlevlca  and  the  rate  of  emission  is  only  10  percent  uu  liigh  as  It  Is  at  Conse¬ 

quently,  t.ho  importance  of  the  obscuration  by  the  Wilson  cloud,  from  a  thermal  viewpoint,  is 
reasonably  small.  The  cloud  obs<  ures  the  scattered  lighi  from  the  si  )ck  froth,  which  contrl- 
^u^es  almost  half  the  thermal  flux  in  thee  very  late  frannes,  and  U  obscures  most  of  the  fire- 
for  low-air»gle  observers.  On  the  other  hand,  the  cloud  does  no  block  the  flux  from  the  fire¬ 
ball  to  riear-verticai!  observers,  and  there  is  an  appreciable  albedo  contribu  «un  from  the  illum¬ 
inated  cloud  Interior  into  such  at^gles.  A  crude  estimate  of  the  fraction  of  the  total  thermal  flux 
obscured  by  the  Wilson  cicud  is  7  percent.  It  appears  that,  by  the  time  (‘te  Wilson  cloud  evapor¬ 
ates,  the  thermal  bljast  is  over  (The  irreversible  shci^t'k -heating  makes  the  final  ambient  a.lr 
temper  tore  high®.*''  than  befor  ?  the  bb  at. ) 

4.4.4  Air  and  W  Scattering.  h«  addition  to  the  albedo  contrlbnition  from  shock  froth, 
uloudss,  ami  isTTnds,  sswiue  light  appears  to  come  frem  the  water  surface.  Presumably  this  light 
iss  si«  iittered  both  from  the  wkSer,  which  has  a  nominal  albedo  of  TO  twreewt  (Reference  1  and 
later  discussion  here)  from  the  air  ami  aerosol  particles.  Essentially  specular  reflection 
i’ro.m  the  water  surface  te  o'  a^jrved  at  low  observation  augleis  (see  Aiwche  photographs  In  Ap¬ 
pendix),  but  Sn  general  It  kppears  that  ihs  majc'.-  fractions  of  this  part  of  the  albedo  cornea  from 
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air-scattered  Ught.  I'his  jilr-scattsrlng  extends  as  a  bacl^rowid  over  other  features  of  the 
photograi^s  at'J  must  be  subtracted  to  ietermlne  the  qt^ttrititatlv^.'  surface  brlghtriesses  of  objeciri. 

c  a  1 1  e  r  i  0  g  Function.  The  Intensitj  of  this  albedo  ligKv;  ae>  function  of  (angular)  dls - 
tarics  froi«  the  fireball  must  be  measured  at  frv.ij#  a  before  ths  breaksvwiy  o!  the  s.hock  wave. 

This  is  naccHsary  because  the  shock  froth,  ali  shock,  arvi  absorjfJtlon  shell  tt  it  develop  then 
mak?  Interpretation  of  the  close-in  brightness  pattern  Impo^^^lbkf;  the  far-out  brightness  igi  not 
far  enough  aK?ve  film  background  for  proper  analysis.  The  early  fireball  has  a  very  sharp  «idge 
aral,  in  t«Ae  Red,  iz  bright  em  ugh  to  itluntlnate  strongly  the:  surrounding  area.  However,  the 
Blue,  even  at  F;rame  Zero,  is  not  intense  etv'tigh  to  permit  very  go  xi  brightness  prafiles  to  te 
made. 

Spuch  brightness  plots  are  given  In  Figures  4.14  through  4.16,  the  brightness  being  registered 
at  angles  measured  from  the  apparent  firebail  edge.  More  such  brightness  plots  are  given  in 
Section  4.5.4,  along  with  further  dlscussiou.  These  raphs  show  that  the  scattering  from 
gular  regions  to  the  front  and  rear  of  the  fireball  is  about  as  groat  as  that  fr  tm  the  sides.  This 
«ear-isotropy  gives  some  Implication  that  the  scattering  is  from  the  air,  because  In  the  p.hote- 
grammetry,  equal  angles  measured  vertically  and  horizontally  do  not  extend  over  equal  water 
distances.  Furthermore,  because  of  the  finite  size  of  the  fireball  the  front  and  rear  a  gles  do 
not  measure  symmetric  water  distances.  Another  critical  point  is  that  tue  scattering  ooes  not 
fai!  off  as  rapidly  as  l/(angle)^  (an  upper  limit  to  what  would  be  expected  from  a  Lambert  planc 
llluminated  by  a  point  source),  even  at  angles  several  times  as  large  as  that  subtended  by  the 
fireball.  'i>ds  point  is  examined  in  d^^tail  in  what  follows.  A  third  point  is  that  if  the  scattering 
were  mainly  from  the  water  surface,  the  light  (which  has  a  low-angle  source  in  the  fireball) 
coming  irom  the  rear  would  be  expected  to  be  much  less  intense,  unless  the  water  were  a  very 
good  Lambert  plane  indeed.  An  additional  observation  against  water  reflection  Is  that  the  Red 
albedo  is  observed  to  be  greater  than  the  Blue,  while  Reference  25  indicates  that  the  lilue  water 
albedo  should  be  many  times  greater  than  the  r  ?d.  Further  evidence  that  the  luminous  region 
about  the  fireball  is  the  jresult  of  air  scatter  follows. 

Scattering  by  Atmospheric  Haze — Fireball  Aureole.  Ai  'ncamlnatlon  of 
the  brightne  3S  traces  made  on  a  horizontal  line  across  the  center  of  the  firebali  in  the  first  few 
hundredths  of  a  second  after  detonation  shows  a  remarkable  likeness  to  similar  scans  made 
across  the  lace  of  the  sun  and  into  the  adjacent  environment  The  bright  ring  surrounding  the 
sun  that  is  observed  even  cn  the  clearest  days  is  called  the  aureole,  and  this  same  nomenclature 
will  be  adopted  for  the  bright  ving  that  surrounds  the  fireball  in  its  early  stages  of  development. 
Figure  4.17  illustrates  the  brightness  as  a  function  of  angle  for  several  situations.  In  this  fig¬ 
ure,  the  Curves  R,  J,  and  D  are  taken  from  Figure  28  in  Reference  26.  'Hiese  curves  are  ex¬ 
perimental  curves  of  the  angular  distribution  of  brightness  extending  radially  from  the  limb 
(edge)  of  the  eun  taken  at  ground  level  at  Tubingen  (R),  Davos  (D),  and  Utrscht  (J).  The  curves 
have  been  normalized  V\  a  solar  disk  brightness  of  10*  (log  brightness  ■  6  on  the  scale  that  has 
been  adopte<l  for  Figure  4.17).  It  will  be  noted  that  the  brightness  at  0.3*  from  the  edge  of  the 
eoL'  r  disk  is  of  the  order  of  500  and  that  it  decreases  to  about  10  at  7*  from  the  sun’s  limb. 

The  detectors  used  in  these  measurements  were  sensitive  to  the  blue-green  region  cf  the 
spectrum. 

Superimposed  on  these  curves  are  the  aureoles  observed  from  three  different  pl.oiot.traphs 
of  Shot  Dakota  Immediately  after  dcior4ation.  Curve  36242  (Red  filter)  is  taken  16  msec  afte 
time  zero,  In  order  to  make  a  comparison  with  the  sun’s  aureole,  thla  curve  was  normalized 
to  Carve  D  at  a  point  O.SS*'  from  the  limb  of  the  luminary.  (With  this  normalization,  tue  bright¬ 
ness  across  the  fireball  disk  la  3.2  x  10*,  as  compared  with  10*  for  the  sun;  the  angle  subtended 
by  tl  s  fireball  is  2,6“,  compared  wl*h  the  0.5*  subtended  by  the  sun. ) 

Curves  36300  Red  and  35023  Blue  are  derived  from  photographs  of  tlse  btamc  »venit  (Figures 
4.14  and  4  15).  No  particular  norraailzatlon  point  haa  been  chosen  for  these  curves.  These 
fr&mpa  were  expt  ted  nominally  at  time  zero,  i.e.,  at  a  time  that  d'd  not  @r"eed  18  msec  after 
time  zero. 

Curves  A  and  B  are  taken  from  Reference  37,  'ihaae  curves  are  experimt  ntally  measured 
•turt  oies  about  a  spherically  symmetric  array  of  pivt  toflash  bulbs  set  off  In  llghi  haze.  The 
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angular  Hubtenae  of  ihe  source  «^s  ul  the  ordei  of  1'  to  2'  of  arc.  '  he  curves  are  ucmorniuUred. 
In  addition,  a  curve  of  I/(i^ngle)^  la  shown. 

These  several  curves  of  Figure  4.17  are  presented  to  reinforce  the  posltiore  that  the  aureole 
about  the  fireball  Is  primarily  the  result  of  light  acattering  by  the  har.e  In  the  atmosphere  anid 
that  water  reflection  is  retaiiver  unimporiain.  Qualitaiivc-ly,  the  slopes  of  the  >  arwss  are  per 
tinent  to  the  discussion  at  this  rttage  of  understanding  of  the  phenomena. 

A  solar  aureole  Is  “e^tpUined"  by  the  highly  directed  scattering  pattern  of  particlcis  of  the 
slxe  of  hase,  i.e.,  particles  having  diameters  of  the  order  of  Vj  to  1  n  icron  or  larger  (Refer¬ 
ence  26).  The  predominance  of  forward  scatter  can  be  Illustrated  by  considering  the  Mle  theory 
of  scattering  by  spherical  particles.  Assuming  a  haee  particle  to  have  an  Index  of  refraction  of 
4/3  and  a  diameter  of  1  micron,  the  Mle  theory  indicates  that  the  scatter  ng  st  angles  of  0”,  10% 
30*,  and  00’’  n  sasured  to  the  forward  direction,  Is  In  the  ratio  of  1'0.74;0,.04;<0.01.  For  a 
3-micron  particle,  the  forward  directivity  Is  even  more  pronounced,  beinf  In  the  ratios  of 
1:0.18:0.06:  <0.01.  In  general,  when  a  qualitative  model  Is  dlacussed,  the  significant  part  of 
the  scattering  pattern  Is  given  by  the  Fraunhofer  diffraction  pattern  from  an  opaque  circular 
disk  of  the  aame  cross-sectioned  area  as  the  haae  particle.  Sideward  and  backward  ecatterltq; 
can  be  assumed  to  be  small.  Its  effect  Is  to  increase  by  a  small  amount  the  background  bright¬ 
ness.  WU  this  highly  directed  scattering  pattern  and  the  parallel  rays  from  the  sun  Incident 
upon  the  haze,  It  follows  that  the  light  scattered  by  the  haze  sltould  rapidly  diminish  In  Intensity 
as  the  angle  from  the  direct  solar  rays  Is  Increased.  Single  scattering  dominates  because  of 
the  relatively  long  mean  free  path  of  the  {8x>tons  in  haze,  and  the  observed  large  decrease  in  the 
flux  when  scattered  at  large  angles.  These  considerations  lead  to  scattering  patterns  such  as 
Curves  D,  R,  and  J.  The  details  of  the  curves  such  as  brightness  and  the  relatively  slight 
changes  in  slope  depend  on  the  concentration  and  distribution  of  particle  size  in  the  haze. 

The  aureole  about  the  fireball  and  other  sources  Imbedded  in  the  iiazy  atmosphere  may  be 
aescrlbod  by  Invoking  the  san  a  argument,  which  is  baaed  on  the  directivity  of  the  scattering 
pattern  used  to  explain  the  solar  a*  4*sole.  The  fact  that  the  rays  going  Into  the  scattering  vol¬ 
ume  from  the  fireball  are  mor>  divergent  than  thoi«e  from  the  sun  (the  sun  is  effectively  a  source 
at  Infinity)  does  not  decrease  the  effectiveness  ol  the  model,  because  the  directivity  of  the  model 
requires  only  that  part  of  the  atmosph^^re  between  the  fireball  and  detector  to  be  the  scattering 
medium.  The  atmosphere  tothe  side  and  to  the  rear  does  not  materially  contribute  to  the  bright¬ 
ness  of  th@  aureole  because  of  the  strong  forwarl  directivity  of  the  scattering  pattern.  Note 
also  thst  tU.t  <!!irebaU  Is  about  one  scattering  mean  free  path  from  the  observer  (Section  4.1.2), 
a  fact  that  co'jilrlbutes  to  the  validity  of  this  single-forward-scatterlng  (ss  opposed  to  multiple¬ 
scattering,  dlffuslon^thoory)  picture. 

However,  as  the  ulr  light  Is  backed  by  a  wstor  surface  Illuminated  by  the  fireball,  some  of 
the  brightness  of  aureole  may  bs  due  to  this  background,  which  has  a  small  smearing  effect. 
This  effect  is  not  of  major  Importance  in  the  formation  of  aureole  and  Is  estimated  to  contribute 
the  order  of  15  percent  U>  the  brightness  (Section  4.5.3). 

A  further  critical  obeervstlon  to  support  the  theory  of  air  scattering  Is  shown  in  the  case  of 
Shot  Zunl  (Figure  4.10).  Here  the  obt^ervatlon  angle  is  only  27”  and  the  rear  water  surface  is 
about  one  firebsll  radius  from  the  fireball  edge.  Even  under  this  geometry,  the  shape  of  the 
scattering  function  Is  little  different  from  that  of  the  higher  angle  observations. 

One  additional  observation  may  be  Invoked  to  test  the  consistency  of  the  theory  ths  air  scatter 
Is  respoi  sible  for  the  aureole’s  appearance.  The  observation  Is  that  the  aureole  Is  essentially 
unpolarlz  -d  (Section  4.5.4).  An  inspection  of  gure  4.31  confirms  this.  In  this  figure  the  <fi 
and  6  polari  zations  are  not  olncldent  In  time..  An  Interpolation  must  b«  made  to  determine 
and  9  polarlsati  )ns  at  the  same  Instant.  Whe.^^  this  Is  don  ,  the  total  light  Is  unpolarlzed. 

The  lack  of  polarization  la  expected  when  Iraze  Is  the  scattering  agent.  Ths  Mle  theory  predicts 
no  polarization  of  the  scatteied  light  at  0”  (unpolarlzed  source  assumed)  is.ti'i  no  significant  polar¬ 
ization  effect  for  small  ngle  scattering. 

In  summary,  the  welgui  of  evlden  e  suggests  tlut  the  aureole  about  the  fireball  Is  a  result  of 
scattering  the  haze  In  the  atmosphere.  Although  there  nay  be  small  differences  In  the  aure¬ 
ole  when  observed  through  red,  blue,  or  Polaroid  filters,  these  differences  are  small  and 
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difficult  to  detect  because  of  the  precision  reaulrenf.,  A  representative  picture  of  the  aureole 
is  that  it  is  white,  unpolarlzed,  and  arises  be  aus»j  of  the  dir  activity  and  the  non-color -selrc- 
tivity  of  haze  scattering. 

4  4.  j  Hydrodynamics  —  Air  Shock  and  Shock  Frotl  Phenomenon.  In  Figures  4.18  through 
4.2i>  are  piotted  th¥^ radii  of  t^ie  fireball,  absorption  she.'  .,  anti  aliock  froth  of  '.uni  (about  3,S80 
kt),  Huron  (about  2!i0  kt)  anc  Lacrosse  (about  36.3  kt).  These  three  detonations  cover  t.  factor 
of  100  in  weapon  y'eld.  Complete  data  (or  Dakota  will  L  presented  se  arately,  along  with  a 
more  thon'ugh  dlt  cussion  of  the  features  touched  on  in  this  section.  It  should  bs  kept  In  mind 
that  the  hyi'r,>dynamic  phenomena  scale  mors  slowly  with  device  slas  then  do  the  strictly  ther¬ 
mal  onus.  No  attempt  was  made  to  compare  the  horizontal  and  vertical  siaea,  because  of  the 
photogrammetrlc  uncertainties;  no  gross  differences  between  these  radii  appear  on  the  photo¬ 
graphs. 

The  rsdll  of  thr  fireball  end  absorption  shell  were  m«>asured  visually,  that  Is,  they  ere  th  - 
radii  of  the  apparently  bright  central  hemisphere  and  the  dark  absorbing  ring,  respscklvely. 

In  light  of  the  known  nonlinear  behavior  of  photographic  film,  this  la  a  rather  arbitrary  proce¬ 
dure.  However,  there  are  practical  difficulties  that  make  the  densltometrlc  measurement  of 
these  radii  time-conauining  and  not  particularly  accur.  te.  No  attempt  was  made  to  use  land¬ 
marks  aa  fiducial  points;  experience  with  Dakota  showed  that  such  cartographic  calibrations 
can  be  quite  inaccurate,  since  landmarks  corresponding  to  thoss  seen  on  the  photographs  were 
not  clearly  Indicated  on  available  charts.  Furthern  ore,  landmarks  were  missing  on  some  of 
the  series.  Instead,  ths  sltock  froth  data  was  flttsd  to  that  of  Reference  28,  and  the  other  hydro- 
d],  namlc  data  fitted  in  turn  to  that.  In  addition,  the  data  was  atfjusted  for  the  motion  of  the  air- 
crsift  (the  apparent  siaea  get  smallsr  as  the  aircraft  moves  away  from  ths  detonation  site). 

Also  showi;  on  ths  graphs  is  ths  thickness  of  ths  sbeorption  shall.  Sines  this  Is  ths  difference 
of  two  nearly  equal  radii,  the  smaller  being  the  fur  ay  fireball  edge,  only  the  general  trend  of 
Its  time  dependence  le  significant.  An  inner  aksorptlon  shall  radius  is  given  for  Zunl;  this  will 
be  discussed  In  Section  4.9. 

Fireball.  The  bright  central  fireball  appears  to  grow  quU<i  slowly  after  breakaway;  this 
Is  a  wcU-known  optical  phenomsnon  and  will  not  bs  treated  hers.  At  times  greater  than  about 
^^maxll’  appears  to  decrease  slightly  In  slss  aid  becomes  very  poorly  defined. 

A  correction  to  ths  time  time  zero  can  be  straightforwardly  made.  From  the  data  of  Refer¬ 
ence  28  the  corrected  time  at  which  the  Frame  One  fireball  (then  coincident  with  the  shock 
front)  has  its  measured  size  can  be  found.  In  all  cases,  this  adjustmant  was  found  to  fit  smooth¬ 
ly  onto  the  measurements  for  Pr  tmes  0,  2,  and  3.  All  of  the  data  has  been  corrected  by  this 
method. 

Absorption  Shell.  This  phenomenon  will  be  discussed  in  detail  In  8ectlon  4.6.  Note 
that  Its  radius  fits  smoothly  onto  that  of  the  fireball-shock  front  at  times  Just  after  thermal 
flu»  minis  mn,  where  the  luminous  fireball  has  a  discontinuity  In  Its  growth.  This  Impliss  that 
the  absorption  shell  Is  Intlirately  connected  with  the  early  hlatory  of  the  expanding  luminous 
volume. 

Air  Shock  and  Shock  Froth.  The  problem  of  growth  of  the  shock  wave  has  bsen 
treated  by  several  authors,  and  to  date  theory  and  experiment  appear  to  be  In  good  agreement. 
Because  of  the  paucity  of  good  f  ldu<  al  data,  no  attempt  itas  been  made  to  compare  the  absolute 
shock  froth  data  to  the  predicted  va.  es,  except  In  the  case  Dakota  (Section  4.S).  However, 
the  shape  and  slope  of  t  w  radius-time  curve  is  found  to  conform  very  closely  to  that  predicted 
in  Reference  28.. 

The  shock  froth  appears  to  have  an  extremely  high  albedo,  and  at  late  ( >  5  t^y,„|y)  frames 
about  half  of  the  thermal  flux  comes  from  It  and  the  air  between  It  and  the  camera  lens.  The 
flux  from  the  outside  edge  of  the  shock  fri..^h  Is  always  two  to  four  times  brighter  than  that  from 
the  neighboring  unshocked  water.  This  figure  is  smeared  by  the  air  light.  Further  details  of 
the  scattering  properties  of  the  shock  fn  h.  Including  the  ratio  (shock  froth  albedo)/ (unshocked 
arater  albedo),  will  be  presented  in  Section  4.5. 

97 


SECRET 


The  shock  wave,  as  U  heats  the  aJr,  t-vaporateF  the  local  clouds;  this  has  the  effect,  of  ri  f'vu . 
i%'  cloud  albedo,  or.  In  certain  cases,  Increasing  the  direct  flux  from  the  fireball.  A  dlscv 
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The  air  shock,  Itseli  Is  visible  on  some  of  the  Red  films  at  times  near  thermal  flux  maxi 
(Dakota  36236  and  36300,  among  others).  This  is  presumably  not  self -luminescence.  If  I 
the  shock  would  be  brightest  right  after  breakaway,  when  Us  amplitude  is  highest.  Further 
the  expected  temperature  of  the  shocked  air  near  thermal  maximum  Is  too  low  for  se  i 
cence  (Reference  20).  Rather,  the  brightness  pattern  Is  consistent  with  scattering  fram  Ov@ 
denser  air,  which  extends  about  a  tenth  of  the  shock  radius  behind  the  shock  front. 
quantitative  data  on  this  contribution  to  the  thermal  flux  vlli  be  given  In  Section  4.5. 

However,  In  the  Blue  this  air  shock  Is  definitely  absorbing,  obscurlnc  the  region  l.sehlnd  It; 
this  behavior  is  evid  ‘it  on  all  Blue  photographs.  In  striking  contrast  to  what  Is  obsee  ved  In  the 
Red.  Specific  examples  of  this  effect  are  shown  in  the  photographs  reproduced  in  the  Appendix. 
The  quantitative  effect  of  this  absorption  on  the  thermal  flux  Is  not  easy  to  evaluate.  The  region 
behind  the  fireball  la.  effectively,  obscuAed;  some  of  the  llg  it  from  the  shock  froth  la  absoH>ed; 
and  the  fireball  Itself  Is  darkened. 

This  absorption  by  the  air  sliock  probably  accounts  for  the  structure  In  the  brightness  of  the 
Blue  shock  froth.  The  froth  Is  bright  on  the  Inside  and  outside  edges,  with  s  minimum  between; 
the  Illumination  by  the  fireball  falls  off  with  distance,  while  the  absorption  of  the  scattered  light 
Increases  with  the  thickness  of  the  shocked  air  traversed.  The  sled  shows  no  minimum  in  the 
shock  froth,  and  the  Polaroid  shows  a  small,  but  definitely  detectable  minimum.  This  absorp¬ 
tion  may  cause  some  of  the  Umb  darkening  of  the  Blue  fireball  discussed  in  Section  4.6  and  so 
Interfere  with  the  analysis  of  the  absorption  shell  (not  to  be  confused  with  the  absorption  of  the 
shocked  air). 

It  Is  tempting  to  explain  this  Blue-Red  difference  by  postulating  ikuit  a  small  amount  of  NO^ 

Is  present  In  the  shock-heated  air.  The  absorption  coefficient  of  NOj  Is  some  500  times  as  high 
in  the  Blue  as  In  the  Red,  so  the  Red  light  will  not  be  measurably  attenuated  by  the  ahock-heated 
air.  An  alternative  explanation,  that  multiple  Rayleigh  scattering  makes  the  region  dark  In  the 
Blue — the  Blue  Rayleigh  scattering  cross  section  some  sixteen  times  the  Red  cross  section — 
is  also  not  Implausible.  (It  will  be  recalled  that  the  sky  around  a  red  setting  sun  Is  red  also. ) 
The  argument  that  the  shocked  air  Is  warm  enough  to  radiate  only  In  the  Red  is  not  borne  out  by 
the  above-mentioned  properties  of  the  Red  scattering.  Unfortunately,  the  Polaroid  data  (Section 
4.5.4)  does  not  permit  accurate  analysis  >1  the  light  from  this  region  to  help  further  in  resolving 
the  scattering-absorption  question.  Furthermore,  it  is  difficult  to  arrive  at  a  figure  for  the 
fractional  absorption  of  the  shocked  air,  as  no  convenient  viewing  screen  is  available.  Also  the 
data  are  beclouded  b*j  the  contribution  of  the  scattering  from  the  unshocked  air,  and  in  any  case 
the  Blue  film  densit.tes  in  the  region  above  the  fireball  are  always  close  to  the  fog  background. 

A  very  crude  estii,nate  Is  50  percent  transmission  for  Dakota  (1.1  Mt)  at  thermal  maximum, 
where  the  air  shock  is  2,000  feet  thick.  (This  would  correspond  to  an  NOj  pressure  of  5  k  t0~* 
mm  Hg,  or  one  molecule  in  10*. )  This  is  an  extremely  rough  figure,  and  the  shocked-air  ab¬ 
sorption  of  the  Blue  light  may  be  a  relatively  Important  factor  in  the  thermal  pulse  from  a  nu¬ 
clear  detonation  For  further  discussion,  see  Section  4.6. 

Fire  Ik  all  Radius  and  Yield.  In  Figure  4.21  is  shown  the  radius  of  the  mature  fire¬ 
ball  as  a  function  of  the  bomb  yield.  Characteristically,  the  bright  central  fireball,  measured 
as  described  In  the  preceding  section,  grows  slowly  near  and  after  second  thermal  maximum. 

Its  r  idlus  reaching  a  very  flat  maximum  near  (note  again  that  thermal  and  hydrodynamic 

phenomena  scale  diffeiently:  the  maximum  radius  comes  somewhat  later  for  the  smaller  weapons 
In  the  series)  after  which  It  appears  to  decrease  slowly.  Sec  Figures  4.18  through  4.20.  The 
datum  for  Dakota  Is  the  average  of  the  several  sets  of  measurements  shown  in  Section  4.5;  two 
points  corresponding  to  two  series,  are  shown  for  Huron  and  Zunl;  and  the  other  maximum  radii 
are  the  results  of  measurements  on  a  single  series  of  photographs  of  the  detonation.  The  radii 
are  all  normalized  to  the  shock  froth  radii,  as  described  in  the  last  section. 

In  light  of  the  arbitrariness  of  this  fireball  radius  measuremant  procedure  (which  is  evidenced 
by  the  spread  of  the  Huron  and  Zunl  points,  as  well  as  that  of  the  Dakota  points.  Figure  4.23)  no 
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ieaat  squares  fit  to  the  data  was  attemptc'd.  Two  straight  lines  have  teen  drawn  thn  gh  the 
Dakota  point,  one  having  slope  (Reference  1)  and  the  other,  which  .nakea  a  rather  better  2it, 
having  slope  0.2S8.  All  points  lie  within  12  percent  of  these  lines.  The  tower  shots  fit  about 
as  well  as  the  ground  and  water  shots.  The  c*iefflclont  of  the  (yleld)'^^  law  Is  about  20  percent 
higher  than  that  glv‘?n  for  yields  up  to  500  kt  In  Reference  1;  that  Is  to  say.  the  luminous  (in  the 
sense  of  the  film  blackening;  note  again  the  reservations  of  the  last  section)  a  ea  of  the  fireball 
Is  some  40  percent  larger. 

In  summation,  the  maximum  radii  cl  the  fireballs  of  the  10  deUinatlons  ranging  in  yield  from 
15  to  5,000  kt  can  be  lit  to  a  power-law  dependence  on  yield,  wiih  a  relative  averstgs  deviation 
of  about  5  percen- 

Asymmetry.  A  discussion  of  the  asymmetry  of  the  smaller  fliaballs,  as  well  as  a  more 
detailed  discussion  of  the  asymmetry  of  Dakota,  Is  given  in  Section  4.S.5. 

4.5  ANALYSIS  OF  SHOT  DAKOTA 

Since  the  photography  of  Dakota  was  the  most  successful,  this  detonation  was  chosen  for  de¬ 
tailed  analysis.  Such  a  study  an  also  serve  as  a  check  on  the  internal  consistency  of  the  data 
and  the  reduction  methods.  In  a'l,  18  series  of  photographs,  taken  from  four  aircraft,  w«re 
readily  analyzable.  There  are  several  good  matched  pairs.  Selected  frames  from  these  reelB 
are  shown  In  the  Appendix.  Dakota  is  an  “average”  water  shot;  It  1»  reasonably  symmetric 
(but  see  Section  4.5.5),  shows  all  the  features  discussed  In  Section  4.4,  and  has  a  normal  com¬ 
plement  of  cumulus  clouds.  Atmospheric  data  are  given  In  Tables  4.2  and  4,3.  The  locations 
of  surface  zero,  the  Islands,  and  the  aircraft  are  shown  in  Figure  4.22. 

4,5.1  Hydrodynamlca.  The  time  dependence  of  the  radii  of  the  fireball,  absorption  shell, 
and  shock  froth,  as  well  as  the  shell  thickness,  are  shown  in  Figures  4.23  through  4.25.  The 
film  measurements,  and  the  reeervatlone  pertaining  to  them,  are  descrlted  In  Section  4.4.5. 
However,  these  radii  have  all  been  measured  absolutely.  In  that  the  horizontal  dletancee  from 
surface  zero  to  features  on  the  Islands  Easy  and  Dog  have  been  used  as  flducials.  Alternatively, 
the  time  for  the  shock  froth  to  reach  an  Island  point  a  known  dlatance  away,  was  used  for  cali¬ 
bration;  this  enabled  more  clearly  Indicated  points  at  all  orientations  to  be  used.  AH  of  the  data 
has  been  corrected  for  motion  of  the  aircraft  but  not  for  the  Frame  Zero  shift. 

The  Internal  consistency  of  the  data  Is  seen  to  be  very  good.  Deviations  at  early  tlmsa  ar  > 
due  to  the  failure  of  Frame  Zero  to  coincide  with  time  zero;  note  that  on  a  logarithmic  scale 
this  effect  makes  points  very  far  separated  at  early  times.  These  early  fireball  poir.ta  (Ilgure 
4.23)  Ue  to  the  left  of  the  Haskell  (Reference  28)  line,  as  expected.  The  dlfferenceii  among  the 
several  series  are  most  likely  cauaed  l>y  errors  In  the  measurement  of  the  distances  to  the 
fiducial  Island  points.  This  Is  borne  out  bv  the  observation  that  the  coincidence  between  camera 
Red-Blue  pairs  Is  better  than  that  between  the  three  sets  of  pairs.  Furthermore,  the  order  of 
sizes  Is  the  same  on  each  of  the  three  graphs.  Since  the  shock  froth  should  have  the  same  ra¬ 
dius  to  observers  at  all  angles,  this  last  Indicates  thst  the  radius  of  flreuall  and  absorption  shell 
does  not  vary  appreciably  with  observation  angle. 

There  Is  no  significant  difference  between  Red  -^nd  Blue  absorption  shell  radii;  nor  between 
Red  and  Blue  fireball  radii,  except  at  times  between  thei  mat  minimum  and  maxlmjm.  During 
this  time,  the  isothermal  sphere  becomes  less  and  less  obscured;  the  Red  fireball  appears  ap¬ 
preciably  larger  than  the  Blue,  which  h«.8  a  sharp  discontinuity  in  size.  This  behavior  is.  af) 
stated  above,  to  be  expected.  The  scatter  of  the  fireball  data  is  greater  than  that  of  the  abaifrp- 
tion  shell  radius;  this  also  Is  expected  since  the  absorption  shell  Is  relatively  sharp  edged. 

The  check  with  the  shock  radius  theory  (Relerence  28)  Is  seen  to  be  very  good.  This  lendn 
credence  to  the  procedure  of  Section  4.4.5,  m  which  shock  radii  were  used  as  calibration  points 
for  the  radii  of  the  other  features  of  the  other  detonations.  The  radii  of  Dakota  are  seen  to  have 
the  same  general  properties  as  those  of  Shots  Lacrosse,  Huron,  and  Zunl. 

The  Internal  consistency  of  these  measurements  indicates  that  the  timing  of  the  six  cameras 
was  sensibly  the  same  and  suggests  that  It  is  reasonably  safe  U.  assume  that  the  GSAP  camerss 
may  be  used  as  clocks  for  the  detonations. 
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<.5.2  Parlitton  of  Relative  Albado  Contribution.  In  thiit  section  are  determined  the 

fractions  of  the  the T directly  from  the  fireball,  and  an  albedo  contribution 
from  the  nhoch  f:'oth,  inlands,  clouds,  and  unahocked  water;  and  the  variation  with  tlm^  of 
these  fractions. 

Optics;  lyethod  of  Meaf!  u  re  m  en  t .  Photot^raphs  In  Series  S32S3  and  S6298,  a  Blue- 
Red  pair,  were  nnalyaed.  In  addition,  two  telephoto  frames  (at  aecond  thermal  flux  maxlt  ^um) 
f^m  the  Dlua-Sted  paired  series  30209  and  36.>00  were  compared.  The  flrebaU  Is  very  well 
centered  m  these  photographs,  llie  results  are,  of  course,  valid  only  for  the  particular  ob¬ 
servation  anglea.  The  optical  parameters  of  ihe  two  nets  of  lensea  and  the  aircraft  ranges  a^  d 
aUitudea  kre  given  in  Table  4.14.  Note  that  the  fields  of  view  are  considerably  smaller  than 
those  no/mslly  associated  with  .  tdlometers  and  calorimeters.  In  consequence  the  relxtlve  and 
absolute  contributions  of  the  albedo  will  be  underestimated,  perhaps  severely.  Furthermore, 
the  camera  and  film  system  t,  for  the  usual  photographic  reasons,  be  regarded  aa  a  re- 
ceptv>r  whose  aensUlv*  y  varies  as  cos*  B,  where  B  is  the  angle  between  the  Incoming  ray  and 
the  optic  axis.  EG&f  ■  have  stated  that  vignetting  and  aberrations  are  small  for  the  small  en¬ 
trance  pupils  used.  is  shown  in  Table  4.14).  This  falloff  has  the  effect  of  re¬ 

ducing  slightly  the  apparent  albrnio  contribution,  but  since  the  effect  is  small  no  correction  haa 
been  made.  The  scattering  of  light  out  of  the  longer  paths  to  off -axial  points  is  another  factor 
In  lowering  apimrent  surface  orightnesses.  However,  points  on  the  fireball  are  always  within 
10”  (>•  arc  cos*  0.04).  Note  also  the  caveat  of  Section  2.6.3,  which  tends  to  make  the  albedo 
somewhat  high. 

The  optical  densIHc'S  of  the  film,  measured  along  several  acan  lines,  were  copied  onto  an 
enlargement  of  the  frame,  '  hen  the  brightnesses,  as  taken  from  the  H  and  D  curves,  were 
copied  onto  another  enlargement.  An  example  of  such  a  brightness  plot  is  given  in  Figure  4.26. 

It  was  found  impractical  to  attempt  to  trace  Isophot  lines;  this  would  have  required  an  Inordinate 
number  of  points,  of  considerably  higher  accuracy  than  those  that  could  be  actually  meaaurad. 
Instead,  areas  of  essentially  constant  brightness  were  blocked  out  by  tracing  over  the  photo¬ 
graphs  with  thin  cross-section  paper.  The  total  light  flux  appearing  to  emanate  from  fireball, 
•hock  froth,  unahocked  water,  and  clouds  was  computed  by  counting  the  number  of  squaree  In¬ 
side  each  constant -brightness  area,  multiplying  by  thia  brightness,  and  adding.  This  procedure 
is  neceaearlly  aubjactlve,  eapeclally  in  assignment  of  brightneeeea  to  the  rapidly  varying  clouds. 
The  measurements  were  made  by  one  observer,  even  though  considerable  labor  was  needed  to 
analyse  a  single  frame.  S  is  eatlmatod  that  the  results  are  accurate  only  to  about  30  percent. 

The  thermal  contributions  from  the  various  elements  have  not  been  corrected  for  background 
alr-acattered  light.  Consequently  for  shock  froth,  read  ahock  froth  plus  air-light,  and  so  forth. 
Thare  aeema  to  be  no  way  of  making  thia  correction  without  seriously  prejudlc  ng  tbs  results; 

In  one  case,  however,  an  attempt  In  this  direction  has  been  made.  The  data  la  alao  uncorrected 
for  the  loss  of  apparent  brightness  of  off -axial  points,  described  above. 

Serlee  362S6  and  99239  were  chosen  because  they  are  exposed  to  relatively  high  density, 
which  affords  the  wide  latitudes  needed  to  get  accurate  reeults  on  the  low-brightness  albedo 
points.  Even  so,  the  Blue  Is  so  dim  that  only  a  few  scans  near  tharnuil  flux  maximum  are  use¬ 
able.  The  Red  la  so  bright  as  to  have  a  ions  flare  near  the  center  and  a  bright  rim  around  the 
edge  of  frames  near  thermal  maximum.  I  tifortunately,  39299  has  large  verlstloea  In  the  shutter 
opening  time  (Section  4.5.9),  and  eo  frame-to-frame  comparisons  cannot  be  made  with  complete 
fsfet  . 

Note  also  that  the  angle  of  obeervallon  (as  measured  to  surface  sero)  decreases  from  99.7* 
to  59.5*  from  Fram<  15  to  Frame  975  of  99299  and  99229.  It  should  again  be  streeaed  that  the 
resulle  presented  In  the  next  section  are  applicable  only  to  this  range  of  angles;  that  estimates 
of  contributions  of  nonparaxlal  flux  will  be  too  low;  that  air-scattered  light  la  ameari^  over  the 
results;  and  that  this  method  of  analysis  of  the  ralcnxhmsltonieter  data  it  necessarily  somewhat 
arbitrary  and  Inexact. 

Results  .  The  results  fur  the  two  sets  of  series  are  shown  in  TaMes  4.15  to  4.18;  some  of 
the  values  from  Table  4.15  giving  the  thermal  flux  partition,  are  plotted  In  FUture  4.27.  Al¬ 
though  the  It '  vmatlon  la,  aa  noted  above,  not  particularly  accurate,  H  serves  to  illustrate,  in 
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•  MinlquanttUttv*  wsy,  a  Urg*  numb«r  of  featui  ••  of  th«  tharmal  pul««. 

ParMUon  of  Tharmal  Flux.  Thr  sarliaa  36236  (Rad)  wat  analyzed  from  Frama  15 

to  Pram*  375  (6  Thla  apana  the  thermal  pulvr  from  a  time  at  which  leaa  than 

1  parcant  ci  the  intagrated  flux  haa  been  emitted  to  where  more  than  90  pert  ent  haa  already 
aacaind.  Clear  this  time  the  fraction  of  the  flux  coming  directly  from  the  fireball  to  the  obaer- 
vation  point  dacreasea  monotonically  from  60  percent  to  30  percent,  even  though  the  fireball  is 
trowing  by  about  a  factor  7  in  area.  The  reason  for  this  decrease  is  the  increased  Importance 
of  the  albedo  of  the  ahock  froth,  from  which  appaara  to  emanate  over  40  percent  of  the  Red  ra¬ 
diation  in  the  lata  framca.  liaanwhlle  the  fraction  of  the  light  apfwaring  to  come  from  the  water 
surface  (mostly  air-scattaring;  saa  above  discussions)  dscraasas  markedly,  which  Is  hardly 
surprising  in  that  in  lats  framss  vary  iittls  unshocksd  wstsr  appears  in  ths  narrow  field  of  view 
of  the  photograph.  A  normal  complement  of  trade  wind  cumulus  clouds  are  in  the  field  of  view; 
the  closest,  most  important  of  those  la  evaporated  between  Frames  65  and  150,  lowering  the 
cloud  albedo  markedly.  The  cloud  contribution  is  teen  to  increase  again  as  the  Wilson  cloud  Is 
formsd  (between  4  and  6  seconds). 

Closrly  ths  firsbsll  propsr  and  devsloptng  ahock  froth  domln  its  the  thermal  flux  (  vithln  the 
stringent  condltloiie  mentioned  above)  for  a  flat  detector  pointed  at  surface  zero.  H  would  be 
desirable  to  estimate  the  air-light  contribution  to  the  flux  appearing  to  come  from  the  shock 
froth.  Note  that  the  ratio  of  apparent  brightness  juat  inside  the  shock  froth  to  that  Just  outside 
does  not  vary  with  size  of  the  shock  froth,  and  has  an  average  slue  of  3.3  (D/E  and  G/H  In 
Table  4.17).  Thla  would  indicate  that  the  fraction  of  air-light  in  the  shock-froth  albedo  is  con¬ 
stant  at  sU  distances  from  the  flrebsU.  If  it  is  assumed  that  85  percent  (a  reasonable  figure, 
but  see  below)  of  the  flux  appearing  to  come  from  the  unshocked  water  is  in  reality  air-light, 
then  26  percent  ( -  1.00  -  (3.3  -  0.85)/3.S)  of  the  light  appearing  to  come  from  the  shock  froth  is 
air-scattered  light.  The  raw  data  haa  been  corrected  under  this  assumption  and  is  shown  as 
dashed  lines  in  the  graph  of  Figure  4.27.  Ths  fraction  of  air-scattered  light  is  seen  to  decrease 
linearly  with  time  on  this  semilogarithm ic  plot,  and  ths  relative  ahock  froth  contribution  In- 
creasea  lass  rapidly  than  whan  uncorrscted  but  still  fast  enough  to  drive  the  fractional  air  con¬ 
tribution  down,  llie  unahocJced  water-light,  15  percent  of  ths  uncorrscted  alr-llght,  has  been 
sudtractsd  from  the  corrected  air-light  but  is  itself  not  shown  In  ths  figure. 

Considering  ths  total  lllumtnaUon,  It  should  be  noted  that  the  htgh-albedo,  growing  shock 
froth  should  make  for  an  Increase  in  ths  thermal  flux;  the  shock  wavs  is  conditioning  the  water 
surface,  so  to  speak,  for  increased  albedo.  However,  because  of  the  aerious  frame -to-frame 
bit  htness  fluctuations,  the  total  absolute  stock  froth  contributions  cannot  be  safely  evaluated. 
Note,  for  example,  that  ths  total  flux  from  Frame  45  Is  higher  then  that  at  maximum,  in  Frame 
65.  (This  corrslstss  with  ths  results  ol  Figure  4.29.)  Note  also  that  ths  evaporation  of  the 
nearby  cloud  reduces  ths  cloud  albedo  from  10,000  to  2,000  units  from  Frame  65  to  Frame  150, 
while  the  fireball  itself  »s  going  from  43,000  to  16,000  units.  For  ths  typical  stmospheric  condl- 
tloniti  ol  Dakota,  tlis  loss  in  cloud  albedo  compensates  in  part  for  ths  growth  uf  ths  shock  froth 
(this  is,  of  course,  s  foriuitous  situation;  shock- induced  evaporation  of  a  cloud  on  a  line  between 
the  fireball  a  id  observer  would  increase  :  m  flux). 

The  Blue  36233  series  is  so  underexposed  that  ths  percentage  flux  assignments  in  Table  4.15 
ehould  probably  not  be  taken  too  seriously.  For  example,  most  of  ths  flux  from  ths  air  is  un¬ 
detectable,  the  illumination  being  down  in  the  film  background  fog. 

The  36300  Red- 36299  Blue  pair  of  photographs  show  s  smsllsr  field  of  view  than  the  36236- 
36233  series,  end  consequently  the  fireball  appears  to  give  a  rather  larger  fractional  contribu¬ 
tion  (l^le  4.16)  to  the  thermal  flux.  Since  the  angle  of  view  Is  lower,  the  rear  of  the  shock 
froth  la  obscured  by  the  fireball  »n>l  the  shock  froth  contribution  is  lowered. 

Brightness  Ratios.  Ths  brightness  at  various  points  on  ths  photographs  and  the  corre¬ 
sponding  fractions  of  maximum  brightness,  are  shown  In  Tables  4.17  and  4.18  (It  should  be  re¬ 
membered  that  alr-llght  Is  smeared  over  these  brightnesses).  The  plume,  as  expected,  gets 
more  opaque  with  time;  the  cloud  and  island  lUumlnatlcos  seem  to  vary  with  the  fireball  brlght- 
neea  (Section  4.5.3).  Note  that  some  points  on  the  nearby  right-hand  cloud  in  3(  236  are  some 
35  percent  as  bright  »  the  brightest  points  on  the  fireball.  These  reeults,  and  those  in  the 
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other  two  tables  as  well,  show  the  ap  *arent  Blue  albedo  to  be  consistently  lower  than  the  Red, 
The  loss  of  apparent  Blue  albedo  from  the  shock  froth  Is  consistent  with  the  Blue  absorption  of 
the  shocked  air.  The  low  cloud,  air,  and  island  albedos  are  probably  expla  ned  by  the  observa¬ 
tions  that  the  total  fireball  brightness  is  lower  in  the  Blue;  and  that  the  Integratcxl  flux  lighting 
albedo  area  must  pass  through  longer,  slant  paths  in  the  shocked  air  and  Is  more  attenuated 
than  the  direct  beam  from  the  fireball  to  the  camera. 

The  shock  froth,  at  Its  edge,  appears  to  be  about  iht^ee  times  ar  bright  as  the  unshocked 
water  in  the  Red  and  twice  as  bright  in  the  Blue.  This  -lolds  over  i  large  range  of  shock  radii, 
and  varies  little  with  the  angle  of  ob  ervation;  note  the  data  for  the  sides  and  rear.  Assume 
that  the  fraction  of  the  apparent  light  that  is  true  albedo  of  the  unshocked  w»ter  is  c .  Then 
1  -  c  Is  air~8cattrred  light;  the  ratio  t)  of  the  albedo  of  the  shocked  water  to  the  unshocked 
water,  is  given 
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or,  in  general 
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Where  {  =  apparent  brightness  ratio. 

The  ratio  t)  Is  given  as  a  function  of  g  for  various  {  Table  4.19.  The  experimental  varia¬ 
tions  in  (,  coupled  with  the  unrariiinty  ui  <  m.rJ.  the  lack  of  specific  data  on  the  albedo  of  shocked 
and  unshocked  water  makes  assignment  of  correct  aibeiJIo  ratios  (or,  conversely  of  accurate  c  ’s) 
extremely  uncertain.  Hoarever,  certain  comments  and  a  discussion  of  some  of  the  albedo  data 
found  in  the  literature  are  In  order.  'The  shock  troth  is  a  water  spray  containing  large  droplets, 
hence  is  white;  its  albedo  must  lie  near  that  of  dense  clouds  or  freshly  faib^n  snow,  0.8  (Refer¬ 
ence  SO),  since  it  Is  undoubtedly  optically  thick.  The  specular  reflectance  of  water  has  been 
found  to  follow  the  Fresnel  formula  up  to  wind  speeds  of  9  knots  (Reference  31);  this  forn.uUi 
predicts  a  reflectance  of  0.03  at  45*  from  the  normal,  a  typical  angle  of  Incidence  for  the  light 
from  surface  detonations.  A  Lambert -type  albedo,  wiiich  Is  the  phenomenon  of  Interest  In 
these  experiments,  has  !>ten  measured  (Reference  25)  by  pointing  a  spectn>graph  at  a  water 
surface  and  at  an  incidence  angle  of  45",  at  90*  azimuth  i'rom  the  sun;  the  results  were  compared 
with  those  from  a  standard  magnesium  oxide  oowder  surface.  Albedos  ranged  from  0.15  at 
4,000  A  monotonlcally  down  to  0.01  at  8,000  A  (this  correlates  with  the  blue-green  color  of  water 
surfaces).  While  these  values  do  not  accurately  fit  the  field  situation,  they  indicate  that  for  the 
Blue  c  <*>  0.20.  For  the  Red,  c  may  well  be  lower;  the  higher  measured  values  of  (  for  Red 
aysten\8  ere  consistent  with  the  low  unshocked  water  albedos  of  Reference  25,  In  general,  a 
value  of  €  >  0.15  has  been  adopted  for  uee  In  other  eections  of  thie  reporn. 

The  brightness  at  the  inner  edge  of  the  shock  froth  is  compared  with  that  at  its  neighboring 
point  Just  within  the  absorption  shell  in  Table  4.18.  There  Is  conelderable  ecatter  of  points 
here;  clearcut  R«d>Blue  differences,  if  any,  are  not  resolved.  l*resuinably,  the  view  Is  through 
the  abeorbing  shell  at  the  shock  froth  In  these  photographs;  the  data  ;ivfts  some  idea  of  the  trans¬ 
mission  of  the  abosorptlon  shell.  The  smearing  effect  of  the  air-light  helps  mask  any  Red-Blue 
differences.  The  abeorptlou  sheli  will  be  treated  In  more  detail  In  Section  4.8. 

Other  Contouring  Fectures.  The  Blue  fireball  surfaces  appear  to  be  randomly 
lumpy,  especially  In  frames  befor*^  second  thermal  niaximuin.  This  shows,  qualitatively,  in 
the  Dakota  photographs.  The  brightness  of  these  excursions  is  often  half  as  great  as  that  of 
neighboring  points.  The  Red  mlcnxlensltometer  traces  do  not  show  these  oscillations.  In  addi¬ 
tion,  the  mature  Blue  fireball  shows  limb  darkening,  being  dimmer  it  Us  edges  than  at  the  cen¬ 
ter;  the  l^ad  shows  far  less  limb  darkenbTg.  A  measure  of  this  is  the  ratio  B/A  of  Table  4.18, 
an  effective  fireball  area  which  for  the  Red  is  3  to  4  times  as  high  as  the  Blue.  This  point  will 
be  Ita cussed  in  the  next  flection. 
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In  Frame  65  of  Red  Series  36236,  the  air  shock  is  clearly  visible  against  air  and  unshocked 
water  and  at  Its  edge  is  0  to  15  percent  brighter  than  the  nelghb  ring  air.  The  contribution  to 
the  total  thermal  flux,  however,  of  the  llgnl  scattered  from  the  air  shock,  is  well  less  than  1 
oercent.  Note  that  this  mantle  (Secti’^n  4.6.4)  should  uut-scatter  some  of  the  light  coming  di- 
'Cctly  from  the  jiret  !iu  and  absnrpiiun  sheii;  inis  effect  appears  to  oe  quite  small  also. 

4.5.3  Time  Variation  of  Fireball  Brightness.  The  fireball  luminous  surface  is  the  ultimate 
.Source  of  all  the  thermal KIux,  inclr  ting  the  large  albedo  contribution  discussed  in  Section  4.5,2. 
Consequently,  the  fireball  output  is  a  reasonably  gooti  measure  of  the  time  variation  of  the  ther» 
mal  pulse  amplitude.  The  brightness  varies  only  relatively  ilowly  over  the  fireball  surface 
(Section  4-6.4),  e'.speclally  in  the  Red,  and  the  fireball  area  grows  slowly  also;  therefore,  the 
maxlt  turn  brightness  found  on  the  several  microdensitometer  traces  may  be  used  as  an  Indicator 
of  this  time  variation.  It  ahou'd  be  emphaslxed,  however,  that  this  procedure  gives  a  less  than 
perfect  measurement  of  the  true  total  thermal  flux  time  variation,  and  the  data  should  be  taken 
as  secondary  to  the  radiometer  and  calorimeter  data.  However,  the  results  are  of  some  interest 
.from  the  point  of  view  of  fireball  physics. 

Such  maximum  brightnesses  for  Dakota  are  shown  In  Figure  4.28.  These  are  the  mi  tinea  of 
the  smoothed  traces;  the  erratic  hot  spots  are  excluded..  The  times  have  been  correct  d  for 
zero-shift.  It  should  be  noted  that  differences  In  filter  and  film  system  bandwldths,  a>id  aircraft 
slant  ranges,  make  intercomparison  of  the  absolute  values  of  points  on  these  several  curves 
difficult. 

Time  to  Minimum.  'here  is  evidence  that  the  minimum  In  the  Red  comes  earlier  than 
in  the  Polaroid  (which  has  a  elength-sensitlvlty  as  shown  in  Figure  2.2).  This  Is  borne  out 
by  the  data  from  the  two  Polaroids  and  three  Red  series.  Note  that  the  Polarolds,  which  are 
paired,  check  quite  well  with  one  another,  expected.  (The  light  from  fireball  surface  is  not 
expected  to  be  polarized.)  This  time  difference  Is  of  the  order  of  1/10  the  (average)  time  to 
minimum.  Unfortunately  none  of  the  Blue  photographs  re:  olve  the  fireball  from  the  background 
film  fog  for  about  10  frames  near  the  minimum,  and  an  Interpolation  of  the  data  In  this  region 
i  very  uncertain  (as  the  graph  shows).  Consequently,  a  narrow-band  comparison  is  not  possible, 
and  the  Red  can  only  be  compared  to  the  wlde-band  (4,000  to  7,000  A)  Polaroid.  The  direction  of 
the  effect  Is  in  the  same  direction  as  that  observed  with  spectrometers  (Reference  32)  and  is  to 
be  expected  on  theoretical  grounds  (Reference  33). 

Time  to  Second  Maximum.  The  scaling  laws  , >redlct  a  brightness  maximum  at  a 
time  very  close  to  1.0  second.  This  also  appears  to  be  the  time  at  which  a  broad  maiximum  in 
the  maximum  brlgi  cness  of  the  fireball  Is  observed.  The  fireball  grows  very  slowly  near 
^rnaxll'  effect  is  expected.  The  measurements  do  ikA  resolve  any  differences  in  the 

maxlmum-brlghtneee  time  among  the  Red,  Blue,  and  Polaroid  photographs.  Note  the  severe 
fiuctuationc  In  the  36236  data;  this  phenomenon  is  thought  to  be  due  to  variations  In  the  shutter 
opening  time,  and  la  dlscusaed  later. 

Maximum-Minimum  Ratios.  The  ratio  of  the  brightness  at  second  thermal  flux  max¬ 
imum  to  the  brightness  at  minimum,  appears  to  Increase  with  decreasing  wavelength.  For  the 
three  Red  series  shown,  this  ratio  lies  between  I-  and  20;  for  the  Polarolds,  it  is  650;  and  for 
the  two  Blue  series  an  Interpolation  showrs  It  to  be  of  the  order  of  2,000.  (It  should  be  noted  in 
passing  that  the  flretwll  surface  area  goes  up  hy  about  a  factor  2.4  In  that  time,  so  the  total 
thermal  flux  ratios  will  be  still  larger. ) 

Curve  Shape  Comparisons.  Th«»  shape'  of  the  talloff  after  maximum  is  closely  the 
same  In  the  Red  and  Blue  photographs  (tnis  effect  shows  more  clearly  in  a  semllogarlthmic  plot) 
but  the  Polarolds  have  an  apparently  steeper  falloff. 

After  minimum,  the  rate  of  climb  of  the  brightness  curve  for  the  Red  fireball  Is  slower  than 
tiiat  of  the  Blue;  the  Polaroid  la  Intermediate.  This  is,  of  course,  connected  with  th«>  lower  In¬ 
tensity  of  the  Polaroid  and  Blue  fireball.  The  effect  of  the  faster  rise  and  similar  falloff,  is  t 
make  the  Blue  maximum-pulse  narrower  than  the  Red;  this  holds  for  the  Polaroid  also. 

The  maximum  brightness  at  first  maximum  in  the  Blue  is  very  low  compared  to  that  in  the 
Red  and  Polaroid.  For  th.  se  latter  the  fireball  brlghtnei:  then  Is  as  high  as,  or  higher  than, 
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the  maximum  brightness  at  s^cord  maximum;  for  the  Blue  wavelength  band  this  brightness  is 
only  about  one  thousandth  as  great.  'Hits  behavior  is  observed  in  all  the  Blue  photographs  and 
is  not  due  to  the  true  first  msucimum  being  irissed.  The  early  brightness  is  seen  to  extend  be¬ 
low  the  6,800  A  cutoff  of  the  Red  and  into  the  Polaroid  sensitivity,  which  ends  at  about  7,000  A, 
but  it  does  not  reach  as  far  as  the  Blue  (~ 4,500  A).  Consequently,  it  appears  that  the  viewer 
sees  a  relatively  cool  surface. 

Another  feature  of  some  interest  here  is  the  (logarithmic)  rate  of  change  of  brightness  in 
these  very  early  times;  this  is  greater  for  the  Blues  and  Polarolds  than  It  Is  for  the  Red.  For 
example,  both  Reds  lose  In  brightness  by  only  a  factor  of  1.2  In  the  l/64-8econd  time  interval 
centered  at  about  0.01  sec,  while  the  Blue  and  Polaroid  are  changing  by  about  a  factor  2. 

Cloud  Brightness;  Shutter  Opening  Variations.  ITie  albedo  brightness  of  a 
point  on  a  cloud  several  fireball  radii  from  surface  zero  should  also  be  a  measure  of  the  inte¬ 
grated  fireball  brightness.  The  V-shaped  cloud  to  the  upper  right  in  Series  36236  was  scanned 
along  a  horizontal  line  intercepting  the  second  little  spur  from  the  bottom  on  Its  left  side,  which 
appears  as  39.0  in  Frame  0  (Section  4.5.4).  The  brightest  cloud  point  In  this  vicinity — at  6.3, 
39.0  In  Frame  0 —  was  found,  and  its  brightr'^^ss  plotted  as  a  function  of  frame  number  (Figure 
4.29).  Also  she  wn  Is  the  water -background  point  along  this  line,  taken  just  before  the  silt  starts 
to  pass  over  the  cloud.  Repeated  vertical  positioning  of  the  slit  showed  the  Individual  readings 
to  be  reproducible  to  better  than  5  percent. 

The  readings  show  severe  uncorrelated  frame-to-fram.e  fluctuations,  neighboring  points 
differing  by  as  much  as  a  factor  of  2.  There  is  some  indication  that  these  start  at  about  Frame 
15,  but  since  only  1  percent  of  the  total  thermal  flux  has  been  emitted  by  that  time,  it  is  doubt¬ 
ful  that  the  cjiuse  of  the  fluctuations  could  be  thermal  damage.  Note  that  high  cloud  brightness 
Is  always  correlated  with  high  water  background  brightness.  Presumably  this  overall  frame 
brightness  variation  Is  due  to  variations  In  the  (nominally  1  msec)  opening  time  of  the  camera 
shutter.  While  It  Is  believed  that  the  camera  used  in  Series  36236  gives  extraordinarily  bad 
results,  it  appears  from  a  closer  examination  of  Figure  4.28  that  this  failure  is  endemic  to 
GSAP-type  cameras.  Consequently,  caution  must  be  exercised  in  making  comparisons  of 
brightness  among  frames. 

Over  and  abovs  these  fluctuations.  Figure  4.29  has  the  general  shape  of  a  thermaUlrradlance 
curve.  Such  a  curve  for  Dakota,  taken  from  the  B-57  with  90**-fleld-of-view  calorimeters  for  a 
psssband  7,000  to  9,000  A  (that  la,  virtually  the  same  as  the  Red  response)  Is  also  shown  in  the 
figure;  the  fit  Is  seen  to  be  rather  good.  (The  radiometer  curve  Is  arbitrarily  normalized  at 
Us  maximum  point.)  However,  the  cloud  brightnesses  at  the  two  thermal  maxima  do  not  mirror 
the  situatlor.  In  Figure  4.28,  which  shows  the  fireball  to  have  essentially  the  same  brightness  at 
the  two  nutjclma.  This  effect  is  probably  caused  by  the  Increase  In  fireball  area,  which  grows 
by  about  a  factor  7  In  this  time;  and  by  the  lessening  of  the  distance  from  the  fireball  surface  to 
the  cloud.  The  projected  distance  to  the  cloud  from  the  fireball  edge  decreases  from  about  4  to 
1.5  fireball  radii  during  this  time  (densitometer  traces  show  the  fireball  to  be  only  half  Us  ap¬ 
parent  size  In  the  necessarily  poor  rsproductlon  of  Frame  0).  The  actual  distance  to  the  cloud 
IS  somewhat  clo'ijr  than  this  projected  distance;  the  air  shock  has  already  reached  it  by  Frame 
150,  while  the  shock  froth  has  not. 

Also  shown  In  Figure  4.29,  is  the  maximum-brightness  curve  for  36300,  repLotted  from  Fig¬ 
ure  4.26  and  normalized  to  the  radiometer  curve  at  thermal  maximum.  The  maximum -bright¬ 
ness  curve  lies  above  the  radiometer  curve,  boT  before  and  after  maximum;  this  may  be  partly 
oue  to  the  normalization  procedure  (note  the  scak..er  of  the  points  n  maximum).  This  effect 
is  rather  difficult  to  correlate  with  the  other  observations  of  this  study 

It  may  be  concluded  that  the  results  of  this  maximum -brightness  approach,  both  for  the  fire¬ 
ball  and  the  albedo  of  nearby  objects,  must  be  interpreted  with  considerable  caution;  results  as 
described  In  this  section  are  only  Indicative  of  the  total  thermal  flux  pattern. 

4.5.4  Comparison  of  Polaroid  Pictures  of  Shot  Dakota.  Series  36249  and  36250  are  comple¬ 
mentary  PoiarouiTelephoto  photographs,  taken  on  Microfile  film.  They  are  shown  In  the 
Apperidlx.  These  series  will  be  referred  to  as  B  (horizontal  polarization)  and  respectively. 
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The  B-47  is  at  20,680-f«iot  slant  ruaije,  SO.?"  altitude  and  127“  azimuth  at  time  z  ho;  by  irame 
65  (1  second)  Its  slant  range  has  increased  to  21,000  feet,  an^le  49.5’.  A  conipif  te  desi  rlptlon 
of  the  photogrammetry  is  given  in  Table  3.?., 

Complete  fireball  diameter  measurements  on  the  first  10  frames  IndUati  that  time  zenj  for 
0  is  0.008  second  before  Fram^.  ro;  lor  <pit  is  0.002  second.  This  m.ikc.s  fur  an  impiutant  i  t 
ference  in  early  (X.  Frame  81  'itugraphs  but  only  a  negligible  difference  in  later  ones.  The 
photographs  show  the  whole  fireball  up  to  about  Frame  11  but  only  about  Iwo-thhds  <<1  it,  ou  the 
average,  thereafter;  no  Island  fiducial  marks  appear;  there  is  a  sioall  cloud  at  die  left  oi  the 
fireball  appearing  at  a  projected  distance  of  about  3,500  feet  from  surface  zero,  and  a  rattier 
large  cloud  system  appearing  under  and  to  the  lower  right  of  the  fireball  in  the  photogr.iphs,  also 
at  about  3,500  feet  from  surface  zero.  Unfortunately,  the  cameras  suiTer  somewhat  from  the 
drawback  of  variable  shutter  speeds  (Section  4.5.3).  This  effect  is  .apparent  hi  Figure  4.28;  it  is 
evidenced  by  the  greater  fireball  brightness  shown  ihere  (the  light  from  the  fireball  la  not  ex¬ 
pected  to  be  polarized). 

The  following  pairs  of  photographs  were  compared; 

A.  Frames  0,  6  and  4> 

B.  Horizontal  scans  only,  through  fireball  center,  on  Frames  1,  2.  3,  4,  ti  and  </j 

C.  Frames  7,  6  and  <l> 

D.  Frames  9,  d  and 

E.  Frames  24,  0  and  <p.  These  were  rejected  out  of  hand  because  the  shutter  opening  varia¬ 
tion  was  too  great;  points  on  were  all  about  50  percent  higher  than  corresponding  p'lint^-  on  0, 

F.  Frames  84,  B  a  >(i  <p 

G.  Frames  34  and  44,  ti  and  39,  <f>.  These  too  were  rejected  for  brightness-difference  reasons. 

Results  of  Frame  Comparisons.  Frames  Zero.  As  expected,  since  (/>  is 

0.006  second  younger  tiun  9,  corresponding  points  on  the  photographs  arc  con^tiderably  brighter 
except  in  the  ImmedUte  neighborhood  of  the  smaller  fireball.  This  makes  absolute  comparison 
of  the  scattering  and  reflection  rather  difficult.  The  angular  distributions  of  the  air  plus  water 
albedos  are  shown  In  Figure  4.30.  Note  that  for  both  polarizations  the  brightnesses  to  the  right 
and  left  of  the  fireball  correspond  closely  to  those  in  front.  This  effect  Is  observed  in  the  Red 
and  Blue  series  also,  and  suggests  that  scattering  from  the  water  surface,  at  least  at  these 
angles,  Is  small  compared  to  air  scattering:  there  is  no  special  forward  scattering  (from  a 
water  surface).  The  few  points  behind  the  bright  hemisphere  show  a  somewhat  more  complicated 
behavior.  The  vertically  polarized  light  appears  to  fall  off  more  steeply  than  the  horizontally 
polarized;  the  slopes  on  the  loglog  plot  being  —  1.7  and  -  1.1.  This  sumewhat  unexpected  behavior 
of  the  albedo  light  iS  explained  by  the  observations  on  suiceeding  frames. 

Frames  1,  2,  3,  4.  The  brlghtr.''«ses  as  a  function  of  angle  from  fireball  edge,  meas¬ 
ured  on  a  horizontal  scan  to  the  right  and  through  the  center  of  the  fireball  are  shown  In  Figure 
4.31.  The  shutters  appear  to  be  quite  well  [K*haved,  but  the  differences  in  time  zero  again  make 
absolute  Intercompari.son  l.npossible.  The  slooes  of  such  loglog  plots  appear  to  decrease  as  the 
fireball  gels  larger  and  less  bright;  larger  luminaries  result  In  (latter  aureoles.  This  Is  plaus¬ 
ible  from  a  superposltion-of-polnt-sources  viewpoint.  This  same  behavior  is  observed  in  the 
Red  photographs  of  Zunl  (Figure  4.16);  however,  there  Is  some  Indication  of  steeper  slopes  for 
<p.  Note  that  even  at  three  or  (our  fireball  diameters,  where  tht.  fireball  should  appear  as  a 
reasonable  point  source,  the  slopes  in  Fmnes  Aero  and  1  do  not  coincide.  (This  nonlinearity 
suggests  an  admixture  of  scatterlr<^  from  the  water  surface  (or  the  taller  fireball.) 

Graphs  of  brightness  of  points  as  measured  from  the  fireball  center  are  steeper  near  the 
fireball  edge;  the  slopes  of  the  curves  comparable  to  those  in  Figure  4.31  are  about  3. 

Frames  7  .  These  photographs  are  somewhat  past  thermal  minimum.  The  radius  of  b  is 
by  now  only  about  2  percent  greater  than  that  of  ip,  and  Its  peak  brightness  appears  50  percent 
higher.  However,  the  older  6  shows  more  limb  darkening  (tha*  is,  the  mlcrodensltometer 
trace  across  the  fireball  cente  Is  more  bowed;  (see  Section  4.b)  and  at  about  two  thirds  fireball 
radius  from  the  center  of  the  iwo  fireball  surfaces  have  equal  brightness.  This  is  au  intrinsic 
property  of  the  fireball  and  Its  surrounding  abso>  hiog  medium  which  docs  nut  appear  to  be  polai  - 
tzatlon-dependent  (se?  below). 
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Fra  mes  9  ,  A  gxit:>d  Interromparis  n  is  avalJrible  hero.  i,:ori2.oiit.r4i  traces  tl'irough  the  ftre- 
baU  t'eiiter  ar*?  by  now  Identical,  within  an  experis  ^ntal  error  of  about  0,04  density  unit,  Tht 
peak  brightoesseis,  shape  of  curve  (a  im'sasure  of  limb  absorption)  and  water  albedo  just  at  (he 
sides,  are  She  somie,  A  vertical  trace  through  ihe  fireball  center  sSjows  that  th«  light  scattered 
frcjm  the  i  f;  I  dlf&cSly  bu  iront  of  the  shock  froth  is  about  10  percent  more  inb  rme  for  d  than  </>; 
the  intensity  is  not  great  enough  to  pvvrmit  a  proper  scattering  function  to  oe  im^aisured.  The 
brighter  f)  W  consonant  with  greater  d  water  scattering  or  ab:  scattering,,  'I'he  shock  froth  baa 
net  yet  dsveioped  sufficiently  to  be  useful  lor  scattering  measv’irements. 

F  ramea  24  .  Since  the  shutter  time  variation  here  makes  ijolnts  on  4>  all  aiouf  50  p  rt  ent 
brighter  than  eorresixuidlng  points  on  6>,  these  photographs  were  not  analyzed. 

FramJ’S  64;  Thermal  Maximum.  The  fireball  is  mature,  and  the  differences  in 
times  ;',ero  should  have  a  negligible  effect.  The  maximum  brightnesses  in  the  fireball  here  are 
about  jO  to  15  percent  higher  for  4>;  this  hoULs  for  five  separate  pairs  of  a, cans  over  the  now- 
barge  fireball.  However,  in  spite  of  this  difference  in  firelall  center  brightness,  0  is  generally 
20  to  30  jjcrcent  brighter  tnan  ip  on  scatvering  surfaces;  thla  obtains  for  water  and  shock  froth 
si^rfaccs  to  the  right  and  left  of  the  fireball,  as  well  as  those  in  front  of  the  firebaU.  In  other 
words,  in  each  of  the  scans  the  optical  densily  of  <jl/  photographs  Is  larger  ai  corresiwnd.tng 
polwts  in  the  fireball,  cronses  the  trree  of  d  somewhere  its  'he  absorption  .shell,  and  then  is 
lower  than  the  d-opilcai  density  outside  >  ^  the  self -lam inoUiS  area.  This  indicates  that  the  li 
alLTdo  is  of  tue  order  of  3^  percent  grv;  ;r  than  the  4>  albedo,  in  all  direction;,. 

Frames  39  and  4  4  and  39  (p  ,  Again,  no  comparlaon  was  possible, 

b  i)  I  a  r  .  /  j  I  i  o  ii  cl  the  a  I.  o  c  k  Froth.  A  oerles  of  density  and  brightness  measurements 
was  mace  at  adjai  ent  points  on  the  shock  froth  btjundary,  one  pijint  lying  within  the  shock  froth 
and  tl:\e  other  just  outside.  This  was  done  r  0  Frames  10,  25,  35,  45,  and  65,  and  <p  Fr:*mes 
10,  17,  25.  40,  and  65.  The  brightness  juai.  Inside  is  two  tc  four  times  as  great  as  the  outside 
bright iies.'s,  as  is  observed  with  the  R.'d  a  4  Blue  photographs  (Section  4.5.2).  Also  measured 
was  th<  f'rlghtnesa  of  the  shock  froth,  on  us  Inside  (fireball)  edge.  In  these  measurements,  no 
difference  between  the  scattering  patterns  of  »  and  4>  was  resolvable.  As  was  pointed  out  above, 
ihe  dliterenccs  In  sliutter  times  makes  absolute  •  umparlsons  difficult;  the  evidence  of  Frames 
64,  I'iowever,  suggests  that  (J-albedo,  uncorrect;.  r  alr-llght,  Is  ir  general  some  30  percent 
liigher  than  (/)-albedo. 

The  shock  froth  brightness  decreases  from  the  front  of  tlw  fireball  around  to  the  sides.  The 
brightness  at  the  Skdos  of  the  shock  froth  is  only  60  percent  as  high  as  at  the  front,  Th'?  shock 
ring  appears  symmetric  about  a  cen.er  Une,  as  expected.  The  decrease  may  be  due  to  toe  ab- 
sorptloN  of  light  by  the  shocked  air  (Section  4.4.5);  the  polarized  light  from  the  shock  froth  shows 
the  characteristic  minlmuia  (sag)  shown  more  strikingly  in  ihe  Blue  photographs.  This  lend.s 
c/,  tdonct*  to  the  argument  given  In  Si  cttun  4.4,5  that  the  rhn''l<  '^d  air  is  absorbing  because  «!  NO; 
absorption;  the  sag  in  the  shock  frolh  is  less  in  the  Polaroid  avelengths  as  expected,  but  inone- 
thc'lesB  it  Is  definitely  detectable. 

Sa  111  ma  ry  .  In  general,  the  overall  thermal  flux  Is  not  Atron^jly  p(.Jidrization-dependent. 

T'u-  P- albedo  appeal  s  in  Frames  64  to  be  some  30  percent  higher  than  the  (/)-albedo;  there  is 
evidence  in  Frames  9  to  support  this;  since  the  albedo  conirlr/utes  roughly  half  of  the  flux,  the 
total  >1  flux  would  oe  about  15  percent  great*  r  than  the  di-flux.  Furthermore,  there  is  a  very 
weak  tndicaiton  that  Ihe  vertically  (Kiiarizcd  air-cum-water  albedo  has  :  slightly  faster  fallo,ff 
wi  .(gle  Irom  the  li rebail,  than  does  the  horb.ontally  polarized  albedo. 

Ii.  "i  the  shutter  variations  and  (he  time  zer  '  differeini  ,  firm  upper  i  mits  to  ihe  }>olarl~ 

.  .ilii'ii  'll  the  light  irorn  the  va'lous  ieatures  in  the  phoiM^iraphs  cannot  be  safely  giveu.  ififferec.ce.s 
ill  lUe  Ur.'t)jll  p.-ak  oriKhtnesa;  limb  darKonirig.  autl  abHoiption  shell  brightnesses  are  act  resolved. 

:  his  iiiit  sirs  thai  the  ab.s.irpMon  shell  and  air  .shock  attenuale  by  absorption  rather  than  S'  after. 
lag.  la  I'.liuv. ,  im  .••.vri  i'jg  difri.  reni'';s  bei  i/een  the  two  iKi2ar.zat.loivs  is  seen. 

4.5.5  >lHViumi:(  1  y.  In  general,  the  IhiTpial  I’niivsiou  of  tea*  fireballs  and  theii'  reflecting 
eli'i«!  lilts  appears  to  lie  sviametric  alumt  ;;  vertical  eeid,ia(  axis,  a.s  the  phatograph.s  in  the  Ap. 
jjendix  show.  Howover,  tor  snialler  weapons,  three  seay  be  confsiderable  asyniirietry :  and  a 
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micr<Ki«n8iton!i6trlc  examination  of  Dakota  ha®  shown  that  "ts  fireball  i®  not  symmetric. 

Erie  and  Lacrosse  Asymmetry.  For  these  .Sjr.all  devices,  the  photographs  show 
a  iftrge  asymmetry  in  th©  fireball  shape;  lacrosse  appears  to  show  a  tJurfaoe-brightness  asym  ¬ 
metry.  Thl#  nmy  be  because  Bmaller  detonations  are  more  senaitlvc  t  j  local  material  and  less 
stable  agalntl  flueliiations  cauetng  breakup. 

The  Erie  flrebaM  begins  to  assume  a  square  shape  shortly  after  t^^xll'  »are  is  quite 

weU  developed  at  2ip  .jjjj.  During  this  tlm«  about  a  third  oi  the  total  thermal  flux  is  emitted. 
Somewhat  similar  feaiures  are  noted  for  Lacrosse,  which  has  a  very  rough  surface.  From  the 
high  (66'*)  observation  angk,  the  Lacrosse  plume  {itself  asymmetric)  obscures  almost  half  the 
fireball  at  second  thermal  flux  maximum;  this  phenomenon  is  discussed  in  Section  4.4.2.  The 
asymmetry  of  the  Lacrosse  fireball  is  further  evidenced  by  the  variation  in  illumination  of  the 
shock  froth  (flection  3.2.3).  Calorimeter-radiometer  results  on  Lacrosse  show  definite  dlffer- 
enres  in  the  thermal  flux  history  of  the  land  and  water  sides  of  the  detonation  (Reference  34), 

Dakota  Asymmetry.  The  asymmetry  of  this  device  is  >.?t,  as  mentioned  initially, 
evident  from  a  visual  examination  of  the  photographic  record.  It  requires  a  very  large  number 
of  scans  across  a  large  number  cf  frames  tc  properly  characterize  it;  for  this  reason,  only 
Dakota  has  been  thus  analyzed. 

The  brightnesses  and  brightness  ratios  (asymmetry)  are  shown  in  Figure  4.32  for  the  Red 
and  Blue  scans  of  Table  3.7;  the  figure  also  shows  at  what  polntr  on  the  microdensitometer  scans 
they  are  taken.  The  time  at  second  thermal  flux  maximum  was  chosen  for  observation;  as  will 
be  shown  later,  qualitatively  similar  results  ajr©  obtained  at  other  times. 

Attempts  were  made  to  reduce  all  of  the  brightness  figures  to  a  common  base,  but  owing  to 
the  fact  that  the  film  calibrations  did  not  reflect  the  actual  conditions  of  use,  this  was  not  pos¬ 
sible.  As  a  result,  the  brightness  figures  must  not  be  intercompared;  the  ratios  however  de¬ 
scribe  in  a  semlquantitative  way  the  thermal  picture  of  the  fireoall  at  second  maximum. 

The  B-S7  and  B-66  records  are  taken  from  the  same  side  of  the  fireball,  and  they  are  In 
essential  accord;  on  this  side  the  fireball  Is  thermally  symmetric  In  the  Red  photographs.  With 
the  Blue  film-filter  combination,  there  ts  definite  evidence  of  symmetry;  the  ratio  of  the  bright¬ 
ness  on  the  right  side  to  that  on  the  left  side  is  1.7  for  the  B-S  j  and  2.45  for  the  B-66.  The 
roicrodensltometcr  traces  show  a  definite  uniform  sag,  which  is  not  attributable  to  cloud  effects. 
These  sesns  were  taken  across  the  fireball  at  the  same  U  vel;  as  closely  as  could  be  determined, 
they  were  made  about  a  third  of  the  distance  f  rom  the  top  >f  the  luminous  hemisphere  to  the 
bottom.  The  correspondence  of  the  scan  l.nes  is  most  exact  with  the  film  records  (Red  and 
Blue)  from  an  Individual  aircraft;  it  is  lees  exact  with  the  records  from  different  aircraft. 

The  third  and  fourth  aircraft,  the  D-52  and  the  B-47,  observed  Dakota  from  higher  angular 
altitudes  than  the  others  (62°  and  67*’  as  contrasted  with  45”  and  50”),  and  from  azimuthal  direc¬ 
tions  about  160”  from  the  other  tuo  aircraft.  Thus  they  were  observing  the  back  of  the 
fin  ball,  and  it  might  therefore  be  expected  that  the  sense  of  the  asymmetry  observed  by  the 
B-57  and  B-66  would  here  be  reversed.  For  the  Blue  pictures,  that  is  the  observation;  values 
of  0.57  and  0.46  \thiit  is,  about  1:2)  are  obtained  for  the  ratio  of  the  brightness  of  the  right  side 
to  the  left  side.  The  pictures  taken  in  the  Red,  however,  exhibit  ratios  of  0.93  and  1.23.  This 
effect  was  checked  by  examining  other  frar  as;  for  example,  the  same  ratios  tre  obtained  from 
Frames  150,  Red  and  Blue,  in  the  case  of  the  B-47.  These  results  suggest  the  presence  of  what 
may  be  called  a  cool  spot  In  the  fireball:  the  Blue  asymmetry  is  greater  than  the  Red.  Although 
the  plume  is  invariably  larger  in  the  Blue  than  in  the  Red  and  might,  at  least  in  part,  be  respon¬ 
sible  for  the  asymmetry,  traces  lower  down  .tnd  therefore  farther  away  from  the  plume  still 
exhibit  this  same  behavior.  It  was  found  that  in  both  the  Red  and  Blue  records,  the  asymmetry 
increased  as  the  traies  were  made  higher  and  higher  on  the  fireball.  On  some  of  the  views  the 
lowest  traces  show  no  detectable  asymmetry.  The  asymmetry  of  the  highest  traces  is  somewhat 
uncertain,  because  of  interference  by  ihe  plume  (see  Figure  4.S2,  showing  the  criteria  of  the 
measurement).  This  is  inoi  •  Important  in  the  high  angular-altitude  photography,  where  the 
plume  occupies  a  g -eater  propr;rtion  of  the  fi<-’ld  of  view  relative  to  the  fireball.  Since  the  plume 
is  smaller  in  ths  Red  pSiotographs  than  in  the  Blue,  this  decrease  in  the  asymmetry  of  the 
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hl^hedt  traces  would  he  expected  to  be  snuiller  here  that  In  the  Blue.  This  effect  can  be  ob¬ 
served  qualitatively-  in  the  densitometer  traces. 

The  question  naturally  arises  as  to  whether  there  is  a  time  variation  In  this  asymmetry.  In 
order  to  answer  this  question,  scans  were  made  on  a  sequence  of  Blue  pictures  from  le  B-57. 
These  ranged  from  0.6  tg^xll  ^*2  tmaxll*  Th^  ratios  of  brightness  of  the  right  side  to  the 
left  side  of  the  fireball  were  f'  und  to  be  scattered  throughout  a  range  of  1.6  to  2.2.  The  spread 
of  the  data  is  somewhat  greater  tha  might  be  deeirei;  the  scatter  of  the  points  precludes  a 
decision  on  whether  a  trend  Is  present. 

The  inference  of  these  results  Is  that  Dakota  did  not  emit  thermal  radiation  symmetrically; 
parts  of  the  fireball  surface  appear  to  have  lower  brightnesses  than  others  (over  and  above 
limb  ‘darkening  effects).  That  is  to  say,  from  differ  nt  aspects  the  weapon  may  aiq>«ar  to  have 
different  (th<»rmal)  yields.  This  may  well  be  an  important  factor  in  the  thermal  damage  caused 
by  such  dev I  es. 

4.6  ABSORPTION  SHELL  PHENOMENON 

This  section  deals  wl'  the  properties  of  the  dark  attenuating  ring  that  Is  seen  to  tncircie  the 
luminous  fireball  in  each  set  of  photographs  (except  the  poorly  resolved  Cherokee  series).  Thu 
absorption  shell  has  been  rather  poorly  seen  on  previous  tr^ts  because  of  the  lack  of  shock  froth 
(air  and  land  bursts)  and/or  the  lack  of  detailed  photograph/  from  above  to  utilize  the  shork 
froth  an  a  vlewl«ig  screen  for  the  absorption  shell.  However,  in  the  Erie  Red  Series  S4566, 
Frames  1  through  6  show  that  the  absorf^lon  shell  of  a  14.6-kt  tower  shot  can  be  seen  nearly  as 
well  against  a  land  background  as  against  a  shock  froth  background,  when  seen  from  directly 
above.  Also,  In  Zuni  Series  S438S,  Frames  SS  through  212  show  that  under  the  proper  circum¬ 
stances  background  clouds  can  make  the  absorption  shell  of  a  megaton -range  burst  spectacularly 
visible. 

The  absorption  shell,  first  seen  at  the  Trinity  test,  was  measured  on  ffiiot  Easy  and  discussed 
In  the  Operation  Greenhouse  report  (Reference  35). 

4.6.1  General  Properties.  Clearcut  absorption  shells  are  visible  on  all  the  reproductions 
shown  In  the  Appendix,  with  the  exception  of  the  photographs  of  Cherokee.  ITiese  include  sur¬ 
face  and  land,  and  low-tower  burets.  The  resolution  on  the  Cherokee  series  Is  very  low  (the 
range  Is  some  131,000  feet),  and  no  shock  froth  appears  In  this  alrbxirst  as  a  viewing  screen 
for  the  absorption  shell.  This  absence  of  the  shock  froth,  a  feature  which  is  al  vays  strongly 

In  evidence  >n  tha  other  photographs,  points  up  the  Idea  that  the  less  easily  seen  absorption  shell 
Is  simply  missed.  The  quality  of  the  Mohawk  pictures  is  very  low;  the  detohstlon  Is  viewed 
through  a  thick  haze;  and  the  absorption  shell  is  only  d  aly  seen  In  wome  of  the  serle  i  (not  re¬ 
produced). 

The  attenuating  properties  cf  the  shell  are  sensibly  thd  same  in  Red,  Blue,  and  Polaroid  (of 
this  more  later;  sea  also  Section  4.5.2);  no  polarisation  difference  Is  resolved.  The  (hull  is 
observable  as  a  highly  attenuating  ring  obscuring  the  shock  froth,  right  after  breakaway,  the 
limb  darkening  of  the  fireball  increases  (Section  3.2.11  and  the  photographs  described  In  ttu 
section).  The  thickness  of  the  absorption  shell  increases  with  time;  at  second  tharmal  flux  max¬ 
imum  it  is,  t’  ''ally,  a  quarter  of  the  fireball  radius.  The  attenuation  of  the  nhell  decreases 
with  time  ((k  'jUIs  later).  The  limitation  on  the  resciv  bllity  of  the  shell  at  very  late  tlm  ?s  is 
the  lack  of  1  lumlnatlon  from  the  fireball.  In  one  extreme  case,  Nat>M!jo  (about  4.5  Mt)  it  is  still 
visible  at  3.8 

4.6.2  Hydrodynamics.  The  time  dependence  of  the  shell  radius,  im  Lacrosse  (about  39.5  kt), 
Huron  (a!>  ut  kt)  and  Zun*  (about  i.ZB  Mt),  is  given  In  Figures  4.18  through  4.20;  for  Dakota, 
it  is  given  in  Figure  4.24.  This  radius  Is  quite  sharply  Indicated  on  the  deit8ltor.3ett  traces; 
the  demarcation  is  leas  than  a  silt  width  at  all  magnltlcatlons,  except  after  the  fireball  b^lns  to 
rise  and  lose  Its  hemispherical  shape,  /he  measurement,  however,  was  made  visually  on  the 
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frame  im>  o  the  mtcrodensitometer  viewing  screen.  The  absorption  shell  edge  has  smaller 
deviations  icom  circularity  (see  the  photographs  of  Erie,  lAcrosso,  and  Flathead)  than  the 
fireball  edae.  and  does  not  not  particularly  follow  the  luminous  fireball. 

After  breakaway,  the  absorptio'^  shell  radius  fits  smoothly  on  to  the  single  riidius  versus 
time  curve  describing  the  shock  and  radiation  1  ont,  'hile  there  is  a  discontinuity  in  the  appar¬ 
ent  fireball  size.  This  veil-known  effect  occurs  as  the  shock  front  becomes  transparent  and  it 
becomes  possible  to  look  deep^ir  Into  the  fireball;  It  points  up  the  observation  of  the  last  section 
that  the  outer  edge  of  the  absorption  shell  Is  a  continuation  of  the  once-luminous  limb  of  the  fire¬ 
ball.  The  absorption  shell  appears  to  scale  hydrodynamically  with  device  yield  and  time.  In 
the  four  detonations  for  which  data  are  presented,  the  absorption  shell  radius  is  1.25  i  0.05 
times  the  mature  (In  the  sense  of  Section  4.4.5)  fireball  radius;  consequently  the  absorption  shell 
radius  scales  with  device  yield  just  as  the  fireball  radius  does.  It  is  difficult  to  set  up  better 
i^^caling  parameters,  and  in  particular,  a  proper  time-scaling,  lor  these  relatively  iate-time 
phenomena. 

The  thickness  of  the  •bsorptlon  shell  varies  over  a  very  wide  range.  At  times  >2t|um(II, 
when  the  luminous  fireball  decreases  In  size,  the  absorption  shell  keeps  on  growing.  At  fire¬ 
ball  maturity,  thio  thickness  Is  given  by 

e  «  0.25  R  »  70  W (1.21) 

where  the  thickness  6  Is  Ir  feet  and  the  devlc  yield  W  Is  In  kilotons.  This  point  will  be 
brought  up  In  the  discussion  of  the  attenuation  of  the  absorption  shell. 

The  velocity  of  growth  the  fireball  and  the  absorption  ^hell  Is  shown  In  Figure  4.33.  Con¬ 
siderable  experimental  inaccuracy  In  the  data  is  Introduced  1  i  the  subtraction  of  neighboring 
points.  The  fireball  growth  velocity  is  not  particnlarly  meaningful  at  times  after  breakaway  and 
at  late  tHaea  (it  appe  irs  negative  In  some  of  the  turn  series).  On  this  somewhat  inchoate  figure, 
the  growth  speeds  appear  to  go  about  as  l/(time);  there  is  no  marked  difference  in  this  slope 
among  the  several  detonations.  (In  the  Taylor  shock  region,  the  air  shock  velocity  should  go 
as  t  the  shock  is  rapidly  outdistancing  the  fireball  and  absorption  shell. )  The  velocity  of 
the  absorption  shell  outer  edge  through  the  air  that  has  been  preheated  by  the  shock  wave,  be¬ 
comes  subsonic  at  times  that  do  not  scale  with  the  time  to  thermal  flux  minimum;  this  Is  of 
course  expected  for  a  hydrodynamic  phenomenon.  These  subsonic  speeds  suggest  that  the  ab- 
sorptlcii  shell  propagates  by  other  than  air-shock  mechanisms. 

4.6.3  Absorption  Coefficient.  Part  of  the  shock  froth  is  typically  obscured  by  the  absorption 
sheli;  it  is  p«>S8ibie  to  compare  the  brightness  of  the  inobscured  froth  to  the  obscured  region, 
and  so  calculate  the  absorption.  The  apparent  brightnesses  must  be  corrected  for  the  aureole 
light,  a  difficult  correction  that  often  entails  a  subtraction  of  two  numbers  that  are  very  close 
to  one  another.  In  practice,  only  a  single  absorption  measurement  can  be  made  on  any  one 
scan;  this  i«  the  atten’uUlon  at  the  outer  edge  of  the  absorption  shell.  The  edge  is  extremely 
sharp,  and  It  is  dUib  ult  to  assign  a  path  length  to  the  light  passing  thrcogh  the  absorbing  region. 
For  these  and  other  reasons  that  will  become  apparent  in  the  following  discussion,  accurate 
measurement  of  tt  e  attenuation  coefficient  of  the  absorption  shell  is  not  possible;  only  approxi¬ 
mate  figures,  and  trends,  can  be  given. 

Zuni.  The  series  of  (Red)  frames  os  shown  and  described  qualitatlv'ly  in  Section 
3.2.7,  show  the  absorption  shell  attenuating  the  light  from  the  shock  froth  as  well  as  from  the 
clouds  behind  the  fireball.  Unfortunately,  the  complementary  Blue  photographs  are  of  such 
poor  quality  as  to  be  unatmlyzable.  Qualitatively,  it  can  be  seen  that  the  Red  attenuation  de¬ 
creases  with  time;  In  Frames  27  and  55  the  shock  froth  edge  is  not  visible  through  the  absorp¬ 
tion  shell,  but  by  Frame  121  (secoul  thermal  maximum)  this  edge  shows  through  quite  clearly; 

ven  the  inner  abeorptlon  shell  is  partially  transparent.  Tt  '  same  general  behavior  Is  observed 
for  the  clouds  above  the  fireball  and  shelii.  After  Frame  286,  no  absorption  Is  apparent  in  the 
reproductions,  but  on  the  original  photographs  it  can  be  seen  to  Frame  689.  The  Inner  baud  — 
further  justification  for  which  will  be  given  later  In  this  section—peraists  also  and  appears  to 
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be  present  even  in  Frame  689  when  the  fireball  has  lost  its  hemispherical  shape  and 

started  to  rise  from  the  vater  surface. 

Radii  of  the  shock  froth,  inner  and  outer  absorption  shell,  and  fireball  are  presented  in  Fig¬ 
ure  4.20,  along  with  the  absorp<.lon  shell  thickness. 

A  horizontal  scan  along  the  fireball,  such  as  Scan  Line  A  in  Figure  4.34,  was  taken;  this  scan 
intercepts  the  absorption  shell  where  it  obscures  ti  e  shock  froth  and  the  unobscured  shock  froth 
as  well.  The  air-scattering  contribution  is  evaluated  from  Scan  Line  B,  which  just  clears  the 
frothed  ring.  Eighty-five  percent  of  the  brightness  measured  Just  outside  the  edge  of  the  absorp¬ 
tion  shell  is  subtracted  from  each  of  the  tv.no  shock  froth  brightnesses;  this  assumes  that  85  per¬ 
cent  of  the  apparent  albedo  from  the  unshocked  water  is  air  -light,  an  assumption  that  is  discussed 
in  Section  4.5.2.  The  absorption  shell  attenuation,  then,  depends  on  the  interpretation  of  the 
air-scattering  measurements. 

A  typical  microdensitometer  Scan  Line  A,  37.3  on  Frame  83,  is  shown  in  Figure  4.35.  The 
densities  are  proportional  to  logarithms  of  the  light  intensities.  The  (air  4  water)  background 
gets  brighter  near  the  fireball,  as  does  the  shock  froth.  The  slowness  of  the  rise  and  fall  of 
these  brightnesses  is  principally  an  instrumental  effect,  due  to  the  finite-sized  slit  passing  over 
the  obliquely  oriented  demarcation  line.  Transition  from  dark  to  light  sections  of  the  absorptio 
shell  is  marke  '  by  a  small  change  in  the  slope  of  the  brightness-distance  curve,  rather  thun  a 
step  function  in  brightness.  The  transition  from  the  inner  (bright)  absorption  shell  to  the  fire¬ 
ball  proper  is  easily  found  by  the  sharp  change  in  slope,  as  is  indicated  in  the  diagram.  The 
absorption  of  light  from  the  shock  froth  appears  to  be  highest  at  the  outer  edge  of  the  (dark) 
absorption  shell  In  all  such  scans;  apparently  the  lowering  of  illumination  with  increasing  dis¬ 
tance  from  the  fireball  overcomes  any  increase  in  absorption  due  to  greater  thickness  of  shell 
traversed.  An  upper  limit  to  the  transition  region  at  the  edge  of  the  shell  is  100  feet;  It  may 
very  well  be  much  less. 

Note  that  the  details  of  the  inner  and  outer  absorption  shells  are  masked  by  noise.  The 
shock  froth  Is  brightest,  and  the  absorption  shell  region  least  bright,  at  adjoining  points.  These 
two  brightnesses  are  chosen  for  the  attenuation  measurement.  The  corrected  ratios  of  these 
brightnesses  are  given  in  Table  4.20  (which  also  presents  the  raw  data)  and  in  Figure  4.36. 

Also  presented  in  Figure  4.38  is  the  function 

H'  -  ^  inir  ^^"•^***  brightness)  „ 

^  -  0  I'^Ke  (o^rtildTbFiihtSiSiF 

Where:  n'  -  rough  measure  of  the  absorption  coefficient  of  the  absorption  shell 
6  ==  shell  thickness,  centimeters. 

This  crude  procedure  assumes  that  the  light  path  is  one  shell  thickness  and  that  the  attenu¬ 
ating  properties  of  the  absorption  shell  are  the  same  throughout  its  volume,  an  even  more  pre¬ 
sumptuous  assumption.  Furthermore,  only  the  most  trivial  type  of  radiation  transport —  pure 
eiq;>erimental  attenuation — is  assumed.  Consequently,  n'  should  not  be  regarded  as  a  proper 
absorption  coefficient. 

While  there  is  considerable  scatter  in  these  points,  enpeclally  at  early  and  late  times  when 
the  Illumination  is  low  and  one  Is  working  on  the  toe  of  the  H  and  D  curve,  the  trend  of  the 
results  Is  quite  rlea;  the  attenuation  of  the  absorption  nhell  decreases  with  time,  p'  going  about 
as  t 

A  rough  Cher  4  ->n  these  results  was  provided  by  metisurements  of  the  attenuation  of  the  light 
from  the  cloud  o  she  right  of  the  plume.  Because  of  the  rapid  point-to-point  fluctuation  of  the 
light  from  suci  4  viewing  screen,  consistent  frame-to-frame  variations  were  not  observed. 

The  transmlss  jn,  however,  turned  out  to  i}e  in  the  same  range  as  that  observed  with  the  she  k 
froth  as  viewini:;  screen. 

These  necessarily  cr,  de  measurements  indicate  that  the  absorption  shell  is  attenuating  the 
thermal  flux  by  about  a  factor  of  2  at  times  near  second  maximum.  £n  light  of  the  approxl- 
latlons  in  the  procedure,  further  Interpretation  of  these  data  should  be  made  with  caution. 

Flathead .  Upon  examination  o  V-ne  several  film  series  available,  it  was  found  that  the 
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Red  Biue  pair  best  suited  fur  an  absorption  shell  analyi^is  M  the  type  described  in  the  Iasi  sec¬ 
tion  included  Flathead  Series  35455  and  3545(^^,.  In  these  sieries  the  camera  lenses  were  set  at 
1/16,  and  no  neutral  density  filter  was  used;  this  made  the  Blue  e^ipoRure  high  enough  to  allow 
readLngs  to  be  made  in  spite  of  the  attenuation  of  the  air  ahr>ck.  However,  the  slant  range  of 
24,000  feet  and  focal  length  of  10  mm  resulted  In  a  small  image  and  low  resolution;  and  the  ob¬ 
servation  (altitude)  angle  of  42”  Is  not  as  satisfactory  as  the  lower  angle  of  the  Zunl  observations. 
At  this  high  angle,  Scan  Line  B  is  at  a  considerable  angle  from  Scan  Line  A  (Figure  4.34)  and 
the  location  of  the  proper  air-light  point  on  the  rapidly  rlsUtg  brightness  curve  of  Scan  Line  B 
is  extremely  uncertain.  Furthermore,  the  Blue  Scan  Line  B  is  token  through  a  greater  thick¬ 
ness  of  absorbing  shocked  air,  making  the  apparent  air  light  too  low. 

Consequently  even  these  optimum  series  give  results  of  considerably  lower  accuracy  than 
those  taken  on  Zunl;  these  results  permit  only  rough  Inferences  about  the  absorption  shell  to  be 
made.  The  attenuation  of  the  absorption  shell  appears  to  decrease  with  time  In  both  Blue  and 
Red;  Indeed,  this  behavior  can  be  observed  qualitatively  in  all  the  aeries  shown  in  the  Appendix. 
The  Blue  light  is  attenuated  by  about  a  factor  of  3  at  half  the  time  to  second  thermal  flux  maxi¬ 
mum;  the  attenuation  factor  ha^  decreased  to  about  2  at  This  attenuation  may  be  too 

low  because  of  the  failure  to  subtract  a  high  enough  air-light  contribution.  The  Red  attenuation 
decreased  from  about  2  to  1  V'l  in  this  time.  The  attenuation  coefficient  p'  is  4  <  10~*  In  the 
Red  and  8  x  io~*  in  the  Blue  at  tju^xii'  appears  then  that  the  Blue  attenuation  Is  rather  higher 
than  the  Red,  and  that  the  Flathead  (about  365  kt)  Red  attenuation  Is  not  as  great  as  Is  that  of 
Zunl  (about  3,380  kt),  Red.  However,  the  Red  attenuation  coefficients  (p's')  are  about  the  same 
for  these  two  detonations.  These  should  be  considered  as  i  defences  from  rather  poor  data, 
rather  than  as  firm  conclusions.  A  principal  implication  of  the  Flathead  measurements  Ls  that 
the  absorption  coefficient  of  the  sUt>sorption  shell — If  such  a  parameter  may  bo  properly  defined — 
la  the  same,  within  a  factor  of  3.  for  the  Blue  acd  the  Red. 

4,6.4  Limb  Darkening.  It  was  early  noticed  that  the  fireball  photographs,  both  in  the  Red 
and  in  the  Blue,  exhibited  the  phenomenon  of  limb  darkening,  that  Is,  a  decrease  of  the  Im&ge 
brightness  toward  the  fireball  sides  on  an  equatorial  acan. 

Dakota .  The  Dakota  films  were  carefully  examined  in  order  to  obtain  a  qualitative  de¬ 
scription  of  this  feature.  In  addition,  the  log  relative  brightness  scans  of  a  matching  pair  of 
Dakota  Rad-Blue  films  up  to  were  measured;  these  are  shown  in  Figures  4. 37  through 

4.30.  These  typify  the  g'  neral  features  which  are  observed  in  the  eight  Dakota  records  examined 
and  which  are  described  oelow.  In  the  Red,  although  Frame  Zero  rhows  no  detectable  Urab 
darkening,  (the  fireball  is  flat)  some  limb  darkening  appears  almost  immediately  thereafter, 
sometimes  as  early  as  Frame  1.  This  Red  limb  darkening  then  increases,  the  bowing  of  the 
fireball  getting  mo.e  pronounced.  At  a  time  before  but  apparently  well  after  the 

limb  darkening  decreases  and  the  fireball  surface  brightness  becomes  flat  over  most  of  Us 
extent.  It  is  not  possible  to  pinpoint  the  time  of  reversal  (Figure  4.39).  Finally,  as  well  as 
can  be  observed  through  the  breakup  of  the  fireball,  the  limb  darkening  appears  to  be  gradually 
Increasing  again. 

The  Blue  limb  darkenlkig,  on  the  other  hand,  is  initially  present  in  Frame  Zero,  appears  to 
increase  in  degree  with  t  me,  and  le  still  present  at  well  after  tp^axll-  Qualitatively,  the  micro- 
densitometer  traces  showing  limb  darkening  in  the  Blue  are  different  from  those  in  the  Red. 

The  Blue  fireball  brightness  contour  is  rounded,  whereco  the  Red  has  a  rather  flat  top  extend¬ 
ing  into  a  sharply  rounded  corner  and  steep  sides. 

Quantitative  Analysis  of  a  Typical  Pair  of  Red-Blue  Pictures.  A  con¬ 
centric  absorbing  layer  around  the  fireball — whether  air  shock  or  absorption  shell — should 
produce  limb  darkening.  A  crude  analysis  of  this  limb  darkening  has  been  performed.  In  this 
analysis  it  is  assumed  to  be  due  to  the  variable  thickness  of  material  that  the  viewer  must  look 
through  to  see  different  parts  of  the  luminous  fireball.  The  fol'owlng  simplifying  assumptions 
have  been  made;  (1)  the  luz!:inou.s  fireball  itself  has  no  intrinsic  limb  darkening,  (2/  the  absorb¬ 
ing  material  is  uniformly  conceutrated  in  a  spherical  shell  whose  aner  radius  is  the  fireball 
radius  and  whose  outer  radius  is  either  the  absorption  shell  or  sitock  froth  radius  (both  cases 
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Suva  \iemi  tri  d),  (3)  the  attenuatic.i  is  characterized  by  a  sin},  e  extinction  coeff '  ient  7,  and 
(4)  there  ia  m  buildup  >  r  other  rad^.tion  tranaport.  The  Umb  darkening  across  the  luminous 
fireball  is  thus  considered  to  be  due  to  the  light  passing  through  different  thicknesses  of  the 
apt^£ric»l  absorbing  shell  and  can  be  calcub  1 1  straightforwardly.  The  result  is 


(a) 
K  (o) 


Wife) -(i) -xP  (¥) 


-  >  (R,  R,) 


(4.23) 


^x(a)  .  log,  ~ 

-  (W,  -  R,)l 


Where:  I;^  >  apparent  mirface  brightness  in  a  wavelength  range  centered  at  a 


(4,24) 


a  -  distance  of  the  surface  point  from  the  center  of  the  fireball,  measured  In  the 
plane  of  the  photograph 

Ri  •>  radliks  of  the  fireball 

Rf  «  outer  abeorblng  shell  radlua 

y  •  extii  Alfin  coafflclent  (base  e). 


This  theoretlcfil  limb  darkening  formula  Is  &  one>parametfr  formula,  the  parameter  being  y. 

The  theoretical  formula  was  fitted  to  the  experimental  plot  of  the  log  ol'  intensity  versus  (pro> 
jected)  radius  by  flttii;g  the  point  a^  at  which  the  log  of  the  intensity  ratio  f;^  (a^  has  the  average 
of  its  values  at  the  center  and  the  edge  of  the  flrebell.  It  is  necessary  to  choose  a  great  circle 
(ceniral)  fireball  microdensitometer  scan.  Tills  fit  then  determines  y.  The  point  at  which  the 
fit  Is  made  la  near  the  edge  of  the  fireball  where  there  Is  a  relatively  Urge  length  of  absorbing 
path. 

The  reaults  of  this  analysla,  performed  on  the  Red  and  Blue  pictures,  Frame  45,  Series 
36241  and  36342,  central  cf  Dakota,  ai )  shown  ki  TiUiie  4.21.  The  remainder  of  this  sec¬ 
tion  is  uoncers  M  with  this  pair  of  pictures.  This  lit  to  the  data  Is  plotted  In  Figure  4.40.  The 
fit  to  die  Blue  data  la  excellent,  indicating  that,  for  the  Blue  absorption,  the  assumptions  made 
are  probably  valid;  however,  the  fit  to  the  Red  data  is  not  very  good,  ^ehlch  Indicates  that  the 
model  Is  not  a  good  one  for  the  absorption  In  the  Red.  Hiere  Is  no  marked  difference  in  the  y 
obtained  for  different  absorbing  she  radii. 

n.  should  be  noted  that  the  fit  to  the  data  Is  not  markeitly  sensitive  to  the  dUtance  chosen  as 
the  outer  radius  of  the  attenuating  shell.  The  crucial  distance  in  this  extinction  coefficient  cal¬ 
culation  is  the  difference  between  the  patl  lengths  of  absorbiing  material  traversed  looking  at  the 
pomt  at  distance  a  from  the  center,  and  at  the  center  of  the  fireball.  Wliisn  ilia  outer  radius  of 
the  absorbing  shell  Is  increased,  both  of  these  ptsth  lengths  increase,  but  th^lr  difference,  which 
Is  the  Important  distance  tfsre,  increases  only  slightly,  and  thus  the  extinction  coefficient  de¬ 
creases  oniy  slightly.  Thlc  brings  about  the  closeness  of  the  calculated  y’s  for  the  different 
outer  shell  radii. 

A  second  fact  which  should  be  noted  about  fitting  the  data  la  that  changing  the  extinction  coet 
flclent  does  not  change  the  shape  c  i  the  cui've,  but  only  multiplies  the  whole  curve  (on  this  log 
plot)  by  a  factor  ;  In  addition,  cha^iging  the  values  of  the  absorption  shell  radii  also  doest 
not  greatly  change  the  shapy  of  .he  curve.  In  particular,  the  sharp  corner  of  the  Red  limb 


darkening  curve  cannot  be  fit  by  such  adjuetmenta..  For  example,  a  plot  of  the  Red  theoretical 
limb  darkening  with  >  *  10 cm~‘  la  also  shown  in  F  ^ure  4.40;  while  it  fits  the  top  of  the 
brightness  cu;  ve,  it  does  not  go  down  steeply  enough  to  fit  the  edge. 

In  making  these  fits  to  the  data,  there  are  uncertainties,  partly  due  to  the  Inexactness  of 
the  initial  data.  The  slit  width  of  the  mlcrodenaltometer  scanning  unit  In  this  particular  case 
corresponded  to  37  meters  in  the  actual  burst  geometry.  The  inicrodensitometer  trace  is  usu¬ 
ally  very  Jagged; furthermore,  It  Is  MimaU  in  size,  and  there  Is  difficulty  In  reading  points  from  it 
numerically^  The  numerical  values  f  density  are  probably  accurate  to  1  part  in  20.  These 
density  values  snust  iow  be  converted  i.o  intensity  values  using  the  H  and  D  curve;  this  opera¬ 
tion  la  relatively  accurate,  but  it  still  involves  another  numerical-graphical  operation  with 
some  attendant  error.  Finally,  in  analyzing  the  limb  darkening,  the  fireball  radius,  to  which 
the  extinction  coefficient  (in  this  analysis)  is  sensitive,  la  chosen  by  inspection.  An  error  in 
the  fireball  radius  equal  to  the  silt  width  can  change  the  extinction  coefficient  by  1  part  in  8. 

The  accuracy  of  the  number  obtained  for  the  extinction  coefficient  (over  and  above  the  failure 
of  the  assumptions  mentioned  In  the  second  paragraph)  is  probably  no  better  than  1  in  5. 

Further  Darkening  Analysis.  Several  simple  attempts  were  made  to  refine  the 
limb  darkening  discussion.  One  of  these  is  an  attempt  to  correct  for  background  air-light.  In 
making  this  correction,  the  background  air-light  as  measured  in  the  microdensitometer  was 
smoothed  tff  and  extrapolated  through  the  center  of  the  fireball.  This  affects  the  brightness  at 
the  fireball  edges  markedly,  but  the  central  brightness  la  virtually  unchanged.  (Actually,  this 
la  a  somewhat  arbitrary  correction;  the  extri4>olatlon  is  quite  subjective,  but  the  Frame-Zero 
and  other  flat-top  evidence  shows  the  alr-ll|^t  must  be  flat  across  the  foreball  center. )  The 
log  of  the  corrected  fireball  intensity  was  then  plotted  and  the  limb  darkening  analysis  carried 
out  for  the  corrected  curve.  These  results,  which  give  an  extinction  coefficient  differing  by 
about  20  percent  from  the  uncorrected  extinction  coefficient,  are  listed  In  Table  4.21.  This 
procedure  did  not  affect  the  fit  to  the  curves. 

Another  simple  attempt  to  refine  the  discussion  without  making  detailed  calculations  was  the 
removal  of  the  intrinsic  limb  darkening  due  to  the  luminous  firshsll  itself.  A  simpU  hypothesis 
to  Investigate  Is  that  the  Intrinsic  fireball  limb  darkening  Is  similar  to  that  of  the  sun.  An  at¬ 
tempt  based  on  this  hypothesis,  in  which  the  fireball  intensity  was  increased  so  as  to  remove 
the  sun's  limb  darkening  (Reference  36),  led  to  a  corrected  fireball  intensity  that  has  a  maxi¬ 
mum  at  some  distance  from  the  center  rather  than  at  the  center.  Such  a  fireball  Intensity  pro¬ 
file  is  unreasonable,  and  so  no  further  limb  darkening  analysis  was  performed  on  these  curves. 
This  result,  shown  In  Figures  4.41  and  4.42,  shows  that  the  fireball  has  less  Intrinsic  limb 
darkening  than  the  sun. 

Discussion.  Returning  to  the  discussion  of  the  extinction  coefficient  found  from  this 
limb  darkening  analysis.  It  noay  be  concluded  that  the  results  iCrom  this  alone  (Table  4.2t)  can¬ 
not  determine  the  location  of  the  absorbing  material.  However,  the  direct  photographic  evidence 
B;!:ows  that  the  absorbing  material  for  the  Blue  radiation  extemls  from  the  fireball  to  the  shock 
front  with  additional  attenuation  in  the  absorption  shell.  For  the  Rad  radiation,  it  extends  from 
the  fireball  only  to  the  outer  absorption  shell  radius;  the  air  slwck  shows  no  apparent  absorption 
and  only  slight  scattering  of  the  radiation.  Ihe  extinction  coefficients  calculated  from  this  limb 
darkening  discussion  are  higher  than  from  the  chord  data  (Section  4.6. S),  but  In  light  of  the  ap¬ 
proximations  made  In  the  two  sets  of  calculations  the  check  Is  reasonably  good. 

The  poor  theoretical  fit  to  the  Red  data  Indicates  that  the  absorbing  layer  around  the  fireball 
does  not  cause  the  limb  darkening  in  the  simple  fashion  described  here.  Presumably  Umb  dark¬ 
ening  inside  the  fireball,  which  requires  a  more  detailed  radiation  transport  analysis  for  its  ex¬ 
planation,  Is  an  important  factor  In  the  Red  Umb  darkening.  (See  Section  4.6. S  for  an  outline  of  a 
more  detailed  radiative  transfer  analysis. )  Furthermore,  the  presence  of  the  bright  Inner  absorp¬ 
tion  shell  indicates  that  the  close-in  layers  of  this  mantle  are  not  enough  to  be  s«lf-liimlr«ous. 

The  good  fit  to  the  Blue  data  Is  partly  fortuitous  and  should  no'  obscure  the  fact  that  the  in¬ 
ternal  structure  of  the  luminous  fireball  also  contributes  to  the  limb  darkening.  The  required 
atte.iuation  of  20  x  10~*  would  cause  over  80  percent  of  the  fireball  light  to  be  absorbed 
by  the  absorpth  n  shell  alone.  This  model  gives  too  high  an  attenuation  in  thd;  Blue. 
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4.6.5  Dlflcusalon.  Certain  other  aspects  of  the  absorption  shell  are  discussed  in  this  section, 
first  in  a  simple  manner,  then  in  a  more  realistic  manner  involving  the  equation  of  radiative 
transport  and  the  detailed  physics  of  the  fireball. 

Scaling  La  wR  ^  The  absorption  shell  radius  and  thi''knes8  appear  to  scale  with  yield. 

Data  presented  earlier  in  this  chapter  and  qualitative  esa  ..tnation  of  the  photographs  fail  to  re¬ 
solve  any  significant  differences  In  the  attenuating  properties  of  the  shells  of  different  yield 
(but  see  Section  4.6.3).  A  further  polrd  of  importance  is  that  radiometer  and  calorimeter  re¬ 
sults  do  not  Indicate  any  great  deviation  of  the  total  thermal  fbrx  from  a  flrst-power-of-yield 
law;  consequently,  the  attenuation  of  the  absorption  shell  cannot  vary  sharply  with  yield. 

This  constancy  of  the  gross  properties  of  the  absorption  shell  implies  that  the  number  of 
attenuating  centers  produced  varies  as  the  surface  area  of  the  fireball,  as  the  foJowing  argu¬ 
ment  shows. 

It  is  possible  to  write  (following  Sections  4.4.5  and  4.6.2) 

R2=Kj^W‘^  (4.25) 

and 

0  -  K(,  (4.26) 


where  Rj  and  O  are  the  radius  and  thickness  of  the  absorption  shell  of  a  weapon  having  yield 
W,  and  the  K’s  are  appropriate  constants.  Then  the  shell  volume  V  is  given  by 


V  =  27r  Ri*  e  =  2nKj^z  W  (4.27) 

Let  N  (^Kf^W*^)  be  the  total  number  of  attenuating  centers  produced.  If  the  total  attenuation 
factor  is  the  same  for  all  devices,  then,  assuming  a  simple  attenuation  law  to  hold 

exp  -  ~  =  constant'  (4.28) 

(where  M  Is  an  absorption  cross  section)  and 

N 

—  0  =  constant  *  - ^  (4.29) 

V  2rrKR2W*'^ 


Thus 


W”  ~  W’'^’  and  n  =  %.  (4.30) 

The  area  of  the  emitting  surface  varies  as  also.  This  effect  Indicates  a  farther  connection 
between  the  absorption  shell  and  the  thermal  output,  iiowever,  acceptance  of  this  result  means 
a  rejection  of  the  usual  (that  la,  hydrodynamical)  scaling  laws  for  detonations  at  a  given  scaled 
radius  and  scaled  time,  the  temperature,  pressure,  and  density  (and  thus  presumably  the  chemi¬ 
cal  composition)  have  fixed  values.  Nonetheless,  this  accepted  scaling  does  not  give  the  observed 
attenuating  properties  of  the  absorption  shell.  In  that  the  attenuation  does  not  scale  with  the  shell 
thickness;  it  predicts  that  larger  devices  should  have  thicker  absorbing  mantles  and  cut  o'quently 
lower  brightness  and  tobil  thermal  flux.  Presumably  the  resolution  of  this  paradox  lies  in  a 
more  realistic  study  of  the  radiation  transport  through  the  absorption  shell.  The  existence  of  a 
temperature  (an«^  therefore  an  absorber  concentration)  gradient  Is  certainly  to  be  expected  on 
theoretical  grounds  and  is  further  Irtferred  by  the  bright  inner  section  of  the  absorption  shell. 

Temperature  Rise.  Another  chuck  on  the  pix'pertles  of  this  attenuating  mantle  may  be 
made  by  calculath'g  Its  temperature  increase  A  T  on  absorption  of  half  (see  Section  4.6.3)  of 
the  thermal  flux.  Since  K  =  70  and  =  290  (W  in  kllotons,  distances  m  feet),  V  ^  4  x10’^ 

W  ft^..  In  lieu  of  a  detailed  calculation  taking  Into  account  the  details  of  fireball  bright  less  and 
absorption  shell  proi>ertles,  assume  that  all  the  thermal  flux  is  emitted  at  second  maximum, 
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and  that  half  of  it  is  absorbed  in  a  shell  of  this  volume,  ihen 

(1/2)  A  W  10‘=  calories 

A  T  = - 

4  X  107  W  X  8,5  (p/p^)  calories/TC 

=  l.r)  ,^0>  °K  (4.31) 

IP/Po) 

where  A  Is  the  fraction  of  W  lea  Ing  the  fireball  as  thermal  flux  and  p/Po  is  the  (normalized, 
average)  density  of  the  air  In  the  £  sorption  shell.  If  A  %  0.4  (Reference  1)  andp/pg  ~  0.25 
(Reference  29;  this  Is  actually  a  very  crude  figure,  but  It  does  not  appreciably  affect  the  con’' 
clusU  IS  below/  then  AT  ^  2,400"K.  Now,  in  actuality  the  temperature  rise  takes  place  over 
the  whole  thermal  history  of  the  detonation,  ^nd  in  light  of  the  possibility  of  the  reradlation  of 
this  absorbed  energy  at  longer  wavelengths  this  figure  should  not  be  regarded  as  making  the 
absorption  shell  hotter  than  Is  experimentally  observed.  In  fact,  it  is  possible  to  conclude  fronr 
this  argument  that  the  absorption  shell  can  very  well  absorb  half  of  the  thermal  flux  (in  the 
crude  sense  of  this  argument,  that  Is,  regard  It  as  a  simple  filter)  with  unresolved  temperature 
increase,  which  Is  consistent  with  that  obeerved  In  this  experiment. 

Origin.  Considerable  effort  has  been  expended  in  ai>  attempt  to  find  the  molecular  species 
(or  other  absorber)  responsible  for  the  attenuation  of  the  shell.  It  Is  not  possible,  out  of  hand, 
to  reconcile  the  properties  of  NOj  with  the  absorption,  a^  its  attenuation  coefficient  in  the  Blue 
is  at  least  200  times  as  reat  as  in  the  Red  at  laboratory  (  ~300‘K)  temperatures  (Figure  4.2). 
While  some  wavelength  flattening  of  this  coefficient  is  expected  at  high  temperatures — the  Red 
absorption  coefficient  increases  up  to  SOO’K  (References  37  and  38) — considerably  more  change 
Char,  has  been  observed  in  analogous  cases  would  be  needed  to  explain  the  near-similarity  of  the 
Red  and  Blue  attenuations  at  the  absorption  shell  temperatures  (1,500  to  2,000*  K).  Calculation 
of  the  popu..atlon  of  excited  states  of  trlatomic  molecules  at  these  temperatures  Is  extremely 
difficult.  In  passing  It  should  be  remarked  that,  if  other  experiments  can  be  devised  to  show 
the  absorber  Is  indeed  NO],  the  high-tempera  ure  at«orptlon  coefficients  and  popub  tlon  states 
of  this  gas  become  experimentally  accessible  in  observations  of  detonations. 

Clearcut  NOj  absorption  bands  are  in  fact  spectroscopically  observed  In  the  early  stages  of 
the  detonation;  the  appa^'ent  absorption  Increases  to  a  maximum  at  breakaway,  thermal  flux 
minimum  (recall  apparent  extinction  of  the  Blue  fireball),  and  then  starts  to  decrease  (Chapter 
3).  This  behavior  is  consistent  with  th  <  early  NO]  in  the  shock-radiation  front  being  pushed  ou^ 
nto  the  shocked  air  where  it  is  metastable  at  the  lower  temperature  (freezlng-in);  the  air  shock 
is  aittenuatlng  in  the  Blue.  Presumably  conditions  for  further  NO2  formation  still  exist  after 
breakaway. 

It  is  expected  that  details  of  the  Red  and  Blue  radiation  transport  phenomena  should  be  quite 
dlfff^rent;  for  example,  the  Red  absorption  shell  appears  in  part  luminous,  as  is  evidenced  by 
the  inner  bright  section.  Farther  analysis  of  this  question  may  aid  in  explaining  the  lack  of 
prom.'  need  attenuation  differences. 

A  second  hypothesis  that  was  considered  briefly  is  that  the  absorption  shell  attenuation  is 
due  to  the  scattering  by  iron  particles,  the  order  of  1  micron  in  size.  Enough  such  particles 
can  be  made  to  give  the  observed  attenuation,  from  about  5  tons  of  iron  per  megaton  yield;  fur¬ 
thermore,  any  Red-Blue  attenuation  difference  can  be  fitted  by  er'^all  adjustment*  in  the  (average) 
size  of  the  particles.  However,  this  attempt  was  abandoiied  wh^rt  it  was  realized  that  such  ma¬ 
terials  tra^^el  only  a  few  meters,  the  fireball  growing  by  engulfing  air. 

Discussion  of  Theoretical  Model.  This  section  is  devoted  to  theoretical  consid¬ 
erations  for  finding  a  mechanlffi  i  to  account  for  the  absorption  shell. 

Temperatures,  Densities.  To  explait  the  shell,  it  is  necessary  to  have  some  idea 
of  th*‘  temperatures  and  densities  throughout  the  blast  and  the  absorption  coefficients  for  the 
various  chemical  constituents  as  functions  of  the  temperature  and  density  of  air. 

The  temperatures  and  densities  throughout  the  blast  were  determined  from  Reference  29. 

That  report  assumes  an  early  phase  during  which  radiation  spreads  the  thermal  energy  evenly 
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into  an  iaotharnuii  vphere  of  hot  air.  This  iaothermal  sphere  provides  the  Initial  condition  for 
a  purely  K/drodynamic  calculation  in  which  no  attempt  la  made  to  account  for  the  effects  of  ther¬ 
mal  radiation.  It  was  necessary  to  ascertain  whether  the  data  from  Reference  29  could  be  scaled 
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dytiamlcally  (radii  and  time  multiplied  by  the  cubic  root  of  the  yield  ratio),  and  the  shock  fronts 
were  found  to  scale  fairly  accurately.  The  fireball  temperatures  In  the  report,  however,  are 
aomewhat  too  high  because  of  the  neglect  of  thermal  radiation.  A  more  recent  report  (Reference 
39)  approximately  accounts  for  radiative  lossea  in  the  vicinity  of  the  fireball  and  results  in  lowc 
fireball  temperaturea.  Except  ;or  very  early  and  late  times,  the  two  reports  differ  only  in  de¬ 
tails.  In  the  region  of  concern,  both  are  in  aubetantlal  agreement. 

Absorption  by  NOj.  There  has  been  much  speculation  ac  to  which  process  is  respon¬ 
sible  for  the  absorption  of  radiation  In  the  absorption  ahell.  It  is  believed  that  the  NO2  molecule 
is  responsible  for  most  of  the  absorption  in  the  absorption  shell.  Refarenc  40  r«fX)rts  substan¬ 
tial  absorption  spectra  of  NO3  in  the  fireball  of  a  20-kt  blast  for  times  between  t»reukAway  and 
second  thermal  maximum.  This  observation  has  been  confirmed  for  klloton  and  naegaton  yields 
during  Operation  Redwing.  Since  these  a  e  the  times  of  concern  In  this  analysis,  NO|  absorp¬ 
tion  should  be  an  -mpertant  factor.  There  la  very  little  theoretical  information  on  the  NOj 
molecule,  nor  is  there  much  experimental  radiation  absorption  data — none  over  1,000"  K. 

The  one  piece  of  quantitative  Information  on  the  magnitude  of  the  absorption  Is  contained  in 
Figure  4.3S.  This  Indicates  that  approximately  40  percent  of  the  light  from  the  shock  Iroth  is 
absorbed  by  the  absorption  shell  at  this  particular  time.  Figure  4. 35  la  baaed  on  data  taken 
through  a  red  filter,  a  spectrum  approximately  in  the  1.50-  to  1.75-ev  Interval.  The  only  band 
spectrum  In  thU  Interval  la  the  N2(i.^)  spectrum,  but  this  becomes  significant  only  above 
4,000*  K.  The  continuum  absorption  la  unimportant  below  6,000*  K.  Thus,  NO]  data  fin  this 
region  la  essential. 

The  best  data  on  NOj  absorption  goes  up  to  1,000*  K  in  the  blue  and  500*  K  In  the  red  and 
Infrared  (Reference  38).  In  order  to  make  acme  eatlmate  of  the  absorption  coefficients  at  hi^^her 
temperaturea  In  the  red,  it  Is  assumed  that  the  temperature  does  to  more  than  Increase  the 
population  of  the  first  excited  state  of  the  NOj  molecule,  l.e.  the  increased  absorption  Is  due  to 
the  Increased  number  of  transitions  arising  from  the  first  excited  stats.  This  simple  model 
gives  a  good  fit  to  ths  referenced  data  above  400*  K.  The  300*  K  data  la  complicated  by  the 
presence  of  NjO^.  However,  the  model  la  simple  anr^  cannot  be  expected  to  be  valid  over  a  wide 
range  of  temperature  and  frequency.  The  model  seems  to  be  valid  in  the  red  portion  d  the  ref  ¬ 
erenced  data  and  Invalid  In  the  blue  and  infrared.  Using  this  approach,  the  NO3  absorption  cross 
section  was  then  arbitrarily  taken  to  hold  at  all  temperatures  above  1,000*  K  in  the  calculation 
and  was  used  to  determine  the  NO]  abeorptlon  coefficients. 

Radiation  Transport  Through  Air  Containing  Equilibrium  Concentra¬ 
tion  of  NO]-  The  Zunl  detonation  at  the  time  of  Figure  4.35  was  chosen  for  detailed  study. 
Temperaturea  and  densities  were  scaled  from  Reference  29.  Several  parallel  sea-level  chorda 
were  chosen  through  and  beyond  the  absorption  shell  Temperatures  and  densities  were  estab¬ 
lished  along  the  chorda.  (These  differ  from  the  temperatures  and  densities  in  Reference  29 
which  are  along  radii. )  The  intensltv  l^  of  the  observed  light  is  calculated  from  the  radiation 
transport  equation: 

I^(«)  -  I^.(o)  +  J  M^,(r.  p')  B^,(r)  s' 


Where:  a  »  thickness  of  the  absorption  sheli 
!(/  (o)  >  Intensity  at  the  fireball  edge 
(T,  fH  >  absorption  coefficient 

(T)  >=  Intensity  of  light  coming  from  ^  black  body  of  temperature  T 


(s',  s)  « 
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Such  calculations  carried  out  numerically  along  chorda  through  the  absorption  shell  indicate  that 
any  incident  Intensl  of  light  {such  as  th*^  shock  fvoth)  would  be  t  llmlnated  approximately  48 
percent  by  a  chord  through  the  absorption  shell,  i.e.,  the  exponential  factor  ot  I^(a)  the 
squaticn  above  is  approximately  equal  to  0.52.  Tui»  is  to  be  compared  to  a  factor  of  approxi¬ 
mately  0.60  from  experiment.  The  contribution  from  the  sources  in  the  air  {the  integral  term) 
appears  to  be  negligible.  The  absorption  shell  should  then  l^e  nonlumlnous.  However,  it  will 
require  further  work  to  establish  whether  the  intensity  obtained  from  the  integral  term  of  the 
calculation  would  register  on  the  film  of  the  observation  aircraft. 

In  the  foregoing  calculation,  local  thermodykiamic  equilibrium  is  assumed  to  prevail  througli 
out  the  blast,  and  consequently,  the  equilibrium  concentrations  given  by  Refet  mce  43.  are  used 
in  the  determination  of  th^  abeorption  coefficients  from  the  various  components  of  air.  The 
various  chords  have  the  behavior  that  would  be  anticipated  front  the  smooth  variation  of  temp¬ 
erature  and  density.  The  contribution  of  the  source  term  Increases  In  going  from  the  cooler 
shock  front  toward  the  fireball.  Simllariy,  the  optical  depth  increases  as  chords  are  taken 
nearer  the  fireball,  ao  that  absorption  of  incident  radiation  increases  markedly.  There  is 
diecontlnuity  In  absorption  that  could  in  labeled  an  absorption  shell.  The  only  Indication  Is  that, 
at  the  radial  distance  for  the  absorption  shell  as  given  by  the  data,  there  seems  to  exist  an  a- 
mount  cf  absorption  indicated  in  Figure  4.35. 

Freexing-in  Mechanism  for  NO^.  The  front  of  the  absorption  shell  is  observed 
to  be  very  sharp,  and  the  calculations  of  the  previous  section  give  no  account  of  that. 

A  possible  solution  to  this  difficulty  lies  in  the  formation  of  nonequlUbrium  and  higher  con¬ 
centrations  of  KOf. 

The  chemical  reactions  of  interest  are: 


N^  +  o,  ;;=zizm±  2no 
2NO  +  Oj  — - — 2NOj 

The  rate  of  the  first  of  these  reactions  can  be  obtained  from  Reference  42,  The  rate  In  cither 
direction  is  very  sensitive  to  temperature.  If  a  fraction  of  air  is  heated  to  a  high  eno  gh  temp¬ 
erature  and  then  cooled  rapidly  enough,  the  equilibrium  concentration  of  NO  at  the  higher 
temperature  will  be  found  at  the  lower  value.  Tt  e  gas  has  been  frozen  in.  Rapid  oxidation 
follows,  and  a  value  for  the  concentration  of  NO^  higher  than  that  which  would  be  obtained  for 
this  gas  in  air  at  these  same  values  of  temperature  and  density  would  be  found.  It  has  been 
sstimated  (Reference  4.>)  that  heating  the  air  to  2,400°  K  and  cooling  it  to  1,800°  at  the  rate  of 
20,000°  K/«ec  will  produce  significant  amounts  of  NO. 

These  particulars  of  the  chemical  formation  of  NO]  suggest  the  following  description  of  the 
formation  of  the  absorption  shell.  The  shock  front  raises  the  temperature  of  the  air  through 
which  it  passes.  The  air,  tl  as  heated,  cools  rapidly  and  generates  NO]  In  the  manner  already 
described.  As  the  shock  front  progresses,  the  temperature  to  which  the  encounter*  t  air  is 
raised  lessens  until  such  a  point  Is  reached  where  no  further  nonequilibrium  NO]  is  produced. 
The  NO]  proceeds  with  particle  velocity  and  the  region  expands  but  at  a  velocity  less  than  that 
of  the  shock  front. 

The  qualitative  features  of  the  absorption  shell  are  thus  accounted  for  ;  howev»ir,  some  im¬ 
portant  data  is  missing.  The  descriptbm  cannot,  therefore,  be  supported  quantitatively .  The 
chemical  kinetics  of  the  formation  of  NOj  are  in  dispute.  There  is  general  agreement  of  the 
qualitative  aspects  of  the  reaction,  but  the  situation  Is  completely  reversed  when  the  quantitative 
results  arc  considered.  T  .e  pertinent  absorption  cross  sections  for  NO]  at  ?  e  temperatures 
and  densities  of  interest  are  also  among  the  vital  data  L>ded  for  a  quantitative  o^scription  of 
the  absorption  shell.  Finally,  a  more  detailed  ana’v  ds  that  would  describe  the  hie  hl»h»ry  of 
a  particle  subjected  to  shock  is  ne  cessary. 

A  rough  quantitative  check  of  the  consistency  of  the  model  cun  be  obtained  from  Figures 
4.18  through  4.20,  wl  ich  present  the  radius-time  curves  of  the  shock  front  as  v^ell  as  of  the  ab¬ 
sorption  8  *U.  According  to  the  model,  the  front  of  the  absorption  shell  should  oiiu  lde  with 
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with  the  ^larh  of  those  parti)  ten  that  have  been  shocked  to  the  critical  temp-  kature  of  ^,400*"  K. 
The  tii"f,e  at  which  this  path  Intercepts  the  shock  curve  (Reference  28)  Is  read  off  the  graphs, 
scaJod  to  iho  yield  of  the  calculations  (References  29  and  39),  and  used  to  find  the  calculated 
shock  leinyjerature.  These  temperatures  ;  re  somewhat  lower  than  expected,  but  the  mai-gln  of 
error  b»  locating  the  time  of  the  Intercept  >s  wide  enough  to  include  the  ^iforenientioned  2,400”  K. 

Hydrodynamics  Basis  for  Sharp  Absorption  Front.  Inspection  of  the  temp¬ 
erature  profiles  of  Reference  39  has  revoalerl  in  iRolhermal  region  that  trails  behind  the  shock 
front.  The  radius  of  the  edge  of  this  plateau  as  a  function  of  time  was  compareu  to  the  outer 
radius  f  the  absorption  shell  lor  Shot  Zunl,  anf’’  the  curves  were  practically  identical.  If  it 
can  be  shown  that  tiie  Uiuthermki.  region  la  not  ?  t  an  accident  of  the  method  of  calculation  but 
.veprcMonts  a  true  hydrodynamic  phenomenon,  such  a.  region  may  well  be  related  to  the  observed 
absorption  shell,  e.t^  ,  by  accentuating  the  mechanism  discussed  above  or  by  int- educing  the 
tlsccniinuity  mlesing  in  the  mechanism. 

The  remarks  made  earlier  conce  nlng  a  quantitative  description  apply  even  more  so  for  this 
imtdel.  In  particular,  the  reality  of  t^  e  temperature  plateau  should  be  studied.  It  has  been 
^uggerte  ’  thjil  :he  front  edge  may  bi.  contact  discontinuity.  In  any  case.,  the  tensperature 
i  I  story  oi  particles  in  ttiat  reg-oo  shoaid  be  studied  in  some  detail. 
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I  ABM;  4.)  1  HANSMiStilON  OF  rHKI{\t  ,l,  i'NJAK.Y 

lUHOUr.H  PACIFIC  AIK 


Shot 

AirrraK 

VV 

'Jv; 

'!' 

niin 

Lari ossr 

H  .7 

I  1 

i'.GK 

0.71 

Chi-rokrc 

B~47 

4;, 

0  liJj 

o.H.a 

Zuni 

H-I7 

O.iM 

0.67 

B-fiG 

.  .ri 

o.ii;i 

0.61 

Erir 

B-57 

17 

0.71 

0.78 

Flathrad 

B-r,7 

17 

().(i7 

0.70 

B-6fi 

18 

O.lili 

O.fjf) 

Dakota 

B-17 

14 

<.r37 

0.60 

H-:.7 

r.  1 

0..5;) 

B-fifi 

•18 

n..a« 

0.60 

Apai'hf 

B-17 

:u) 

O.Gl 

0.61 

B-f)? 

4K 

o.riG 

0.60 

B-fi6 

4‘} 

O.fiG 

0.60 

Navajo 

B-47 

ai 

0.01 

0.61 

Tewa 

B-47 

28 

0,62 

0.61 

K-66 

ao 

0.60 

0.6.') 

Huron 

B-r.7 

H» 

0.65 

0.6K 

B-bG 

17 

0.67 

0.70 

l  ABLF  ).2  MtTKOHOLOCICAL  DA'i  A 


Shut 

Surfavi.'  All 
r-rnipt' ratui  v 

Si‘i>  Ia'Vv! 

Baromrt'lv 

Pro Knurr 

Surfarr 

Hrlativr 

iluniiilHv 

V.ipor 

ProKKurt* 

Surfaia- 

Wind 

Sprri) 

W  inil 

1)1  rerlion 

Surfarr 

Visibility 

Invrrslon 
Lay  c‘  r 
Height 

F 

mb 

mm  Hg: 

knot 

ilrgirr 

mib- 

ft 

K  rir 

8(1. a 

1.000  1 

80.  V. 

21.2 

12 

100 

10 

--  10,50(1 

Lav  1  o.'i.si' 

HLO 

1.008.!') 

H" 

22.8 

16 

80 

.  KS 

''  7,0(11! 

Huron 

ti  1 . 4 

1 ,007.8 

M 

17 

!)0 

10 

— 

Mohawk 

79.6 

1 .010  2 

HI 

21.0 

16 

100 

10 

— 

I'lalhiMil 

H2  0 

1 ,0l2.9 

82 

2.1.0 

10 

50 

P) 

17,000 

Dakota 

82.0 

1,000  1 

HO 

22-1 

14 

",0 

10 

— 

Apai’liv 

H0,..'( 

!,010..5 

81 

22.  a 

If. 

ail 

-  Pt 

'  10,000 

'.'uni 

810 

1 ,010,  .5 

HO 

21.7 

1  ,'2 

!ai 

H 

lo,;ioo 

( 'livrok'-t' 

8!.0 

1 ,00!(,0 

76 

20  6 

1  It 

1  10 

III 

N-.'.r 

HI 

1 .010.2 

■iO 

21  H 

H 

<10 

H2,«.' 

1  ,00!*  '! 

Hr. 

I’a  .8 

H 

i  10 

1.) 
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•  ABI.E  4.;«  AIMSKSPUEHK.  J  HANSMISStON  KOH  AIKCUAF  i  PUS!  il'ANS.  SHOT  UAivU  J  A 


'or 

liei 

iinltions  ot  the  eohsmn  In'ads, 

See 

SVetiori  1.1.2, 

li  Vf 

•  I'.'l ! 

Blue  Total 

He 

tl  St*leetive 

■Air  S(  .att.  >' 

'  Red  Total""" 

'^l'a■u^^nli^■^ion 

Fi 

ansmission 

'rranr*n!!ssi«>n  1  '..-tor 

!  561HniiS.''0tJ 

i  rTi  T) 

E 

17 

0,2.6 

54.8 

0.7f 

0.  id 

H- 

•,57 

0.  12 

«;05 . 7 

0.7ft 

0.4fi 

o.dft 

B- 

-OH 

).45 

ii  '  2 

0.8  ft 

0.51 

0..4f> 

T.ABLt; 

4.4  SOLAH  COLOR 

TEMPEHATl'HES 

e.xtrapolatld 

TO  ZERO  AIR 

MASS 

Usta 

Source 

Air  Mass 

MethutI 

Temperalure 

K 

Stair 

1.00 

Experimental 

5,700 

John^^on 

!  00 

Experimental 

5,750 

SeluM  a 

Al! 

CaleuiateU 

5.600 

Opal 

1.78 

Direct  measure 

5,600 

Opai 

2.55 

Ulieet  meaaure 

5,500 

Opal 

:i  21 

Direct  measute 

5,4.50 

Opal 

1.07 

Diviict  meatiure 

5,400 

('pal 

.5.12 

Direct  measure 

5,470 

Q'jui  tz 

2  28 

R«*fe  fence  18 

.5,5i'0 

Quartz 

;i.f2 

F,  (e  fence  18 

5,600 

Quartz 

5.02 

Reference  18 

5,850 

Quartz 

7.01 

Reference  18 

5,800 

TAELt;  T5  EFFKCl  OF  C’OMBiNING  I>A  ?  A  FROM 
VARIOUS  FIL’IKHtu  UKTKC  ORS 


0.2  to  -I  f)  mlcronBi  Quartz  W  ditJow  Q 

0.2  to  0,7  lutrronn,  Flltor  minus  Filter  A* 

(<,7  to  0.9  mlfionn;  Filter  A  minus  FilU‘r  B 

0.9  to  2.0  inieruns.  Filter  B  minus  Filti  r  (’ 

2.0  to  2-5  mliTonn;  Filter  C 


•  Ihe  eiiei  jty  in  the  2-5-  to  t.5-mi»‘ron  region  i« 
nearly  t-ornplcv  -ly  ;».hsoil>etl  by  water  vapor. . 
Fui  ther/noi  «*,  the  energy  su  tl'Ss  inlei  val  is 
Miiall  etiuiiiai  I'T  t«»  tlial  In  lin-  ■  to  0  7  range. 
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TABUi  4,6  AMUUN»,S  (jF  NO, 


Shot 

Time 

Amount  of  NO; 
in  Atmo-cm 

Apathn 

/A*ro 

0.687 

* 

.3.29  >  10"" 

C  'ii  rokee 

zero 

1..317 

*max 

3.42  V  10“* 

<  iakola 

zero 

0.953 

^max 

2.89  ^  10“* 

Erit 

zero 

— 

^inax 

3  68  X  10“* 

Flathead 

zero 

0.561 

^max 

4.08  X  10'* 

Huron 

zero 

U  688 

^max 

2  50  i0~* 

Lacrosse 

zero 

— 

^max 

4.21  10"* 

Mohawk 

zero 

0.364 

a 

3.68  X  10"* 

^rnax 

Navajo 

zero 

— 

^max 

2.37  x  10"* 

Tfwa 

zero 

0.798 

0.0156  sec 

1.190 

0.0312  sec 

0.378 

0.0468  sec 

0.308 

0.0624  .sec 

0.196 

^max 

4.87  X  10"* 

Zuiii 

zero 

0.  16 

’^max 

2.6  "  10"* 

TABl.i;  4.7  T1  ^P1  HA 

Oi  4,41 

AT  tn,aj,  FOR  \  \  RANGE 
.000  A 

Shot 

Tempo  ratu  re 

’K 

Apache 

4,K00  to  5,400 

t'.herokoo 

5,200  to  6,100 

Dakota 

4,900  to  5,700 

Frie 

6,80  t  to  9,500 

Flathead 

4,800  to  5,500 

llumn 

6,:n«i  to  7,900 

jf  .^ciosse 

4,600  to  5,400 

rvtoh.'iwk 

5  700  to  7,900 

Navajo 

5.600  to  6,800 

4,200  U.  4,800 

Zori- 

4,800  fo  5,500 
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i  i,H  !N  I  !;(;ha  1 1 1)  ikmpkhai hhks 


shill 

'l  i-nipi'i  atum 

K 

Apm  ht' 

t!hfii)krf 

;i, 511(1 

;i.97r; 

Klathi'  I'i 

!,  nr. 

TfW.I 

.1,050 

/un! 

i.iivr, 

l  AH)  1-;  4A*  H  (Al  AS  A  HINlKON 
«1K  V,  AVKI.KN(.  I  H 


W  .iVfliTiKtli  K  (A> 

A 


4,  jOO 

('.o:t5:! 

1,51)0 

0  ii  l.lV 

l.HOO 

0  0:(2r. 

:>,ooo 

0.0.!  15 

5,200 

0  o;!ON 

5, 400 

0.0.105 

5,000 

o.o:io» 

5,800 

0  0.107 

•lABLK  4.10  COM!’ 

AHISCN  OK 

MEASlIHEl)  AND 

CALCULAIEI) 

VAIJIES  OK 

Shol  \Aavf  length 

Me.uMi  ('C‘ii 

Perce 

Cak’ulut.d 

nt  Error  of 

C'alculateii 

Shot  Wavelength 

•max, 

Measuretl 

•max. 

Calculate.! 

Percent  Error  o! 
*rn.ix’  E’.ik'ulateil 

A 

seeond 

Hi’comi 

A 

seconil 

isei'onil 

A  P  A  C  H  E 

DAKOTA 

4,400 

i.«o:i 

1.518 

5.3 

1,400 

1.127 

1.160 

2.9 

S,»i00 

1.  l  l'i 

1.  149 

0.000 

1.001) 

(.035 

1.107 

7.0 

1,800 

i .  109 

1.398 

0.78 

1,800 

i  ,030 

1.1)68 

3.7 

5,000 

1.271 

1.355 

8.8 

5,000 

1.059 

1.035 

2.3 

5.200 

1.271 

1.325 

1.0 

6,200 

1 .098 

1.012 

7.7 

5.  100 

1.318 

1.312 

0.48 

5,400 

0,933 

1.002 

7.1 

5,000 

1.365 

1.308 

1.2 

5.600 

1.000 

0.999 

0.10 

5,800 

1.259 

1.320 

1.8 

5,800 

0.971 

1.009 

3,9 

C  M  K  UOK  i:  E 

E  LATH  E  A  D 

4,100 

1.988 

2.118 

7.8 

1,400 

0-897 

0.683 

1.9 

1,800 

1.982 

2.022 

2.0 

1,800 

0.831 

0.662 

3.1 

4,800 

l.85h 

1.960 

5.0 

1.800 

0.859 

0,62S 

1,6 

5,000 

1.977 

1.800 

1.6 

5,000 

0.653 

0.610 

6.6 

5,200 

1.799 

1.8  18 

2.7 

5,200 

0.649 

0.598 

M.l 

6,400 

1  748 

1.830 

4.8 

5,400 

0.586 

0.590 

■i.3 

5,800 

i.Ho:; 

1.821 

1.2 

6.800 

0..581 

0.588 

1 ,3 

5,800 

I.HH4 

1.842 

2.2 

5.800 

0  824 

0.594 

47 

H  U  Hl>N 

r  L  W  A 

4,400 

0-584 

0.5H0 

2.8 

1,400 

2. 88  1 

2,499 

15.  1 

4,800 

0.582 

0.554 

1.4 

4,800 

2.285 

2.:;«;S 

.5,3 

1.800 

0.52  1 

0.534 

1.9 

1,800 

2.089 

2.300 

10.1 

5,000 

0.58  2 

0.518 

n.o 

5,000 

1.995 

2  230 

1  l.H 

5,200 

0.512 

0.508 

1 .2 

6,209 

2  018 

2.180 

8.0 

5,100 

0.512 

0  501 

2.2 

5,  (Oil 

1.9  It 

2, 159 

1  1.2 

5. 800 

0.528 

0.199 

5. 1 

(j.ttOO 

1.950 

2,  (  5: 

10.7 

5,800 

0  519 

0.50  1 

2  9 

li,8(10 

1,928 

2,  17:; 

12  7 

N  .A  V  \  .1  '■  1 

/UNI 

- 

1,  100 

2.21.! 

y.ui 

9  f. 

(  ,  loo 

2.051 

2  OHM 

l.H 

1.8IUI 

:■  I  18 

2.:!  10 

<*  1 

(,1100 

;‘.(s  1" 

1 ,99  i 

'.3 

.1,8110 

,’00  1 

2,2  28 

(1.2 

4, ,8011 

A'.ofii 

1,92:.: 

8 , 2 

5,000 

:’.o(H 

KiO 

1  II 

5,090 

1.97.2 

1  .Htil 

ii,  ;,.'o,'i 

'OH 

I" 

(.  7 

5,',;nil 

)  ,(.9  ! 

( .H 

5.  mo 

1 ,0!.'.5 

2  09  1 

(  8 

5  loo 

l,77l;t 

1  .911  ( 

.  r. 

5  ooo 

«,! !  n 

^.lOl  1 

3  5 

ii,i!)09 

)  •!('i 

1 .7!'K 

,800 

1  072 

105 

0.7 

(i.HOO 

1,  s 

1  .Mid 

1.7 
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rAMI.K  4. 

i  1 

FIUKJtAIJ 

,  DIAMKTLH 

AT  AS  A 

FUN(  IION  OF  YII  I  II 

Li till  yi>'l(l^ 

^  Wt'ir  usi  ii  in  i'aii’ulati«)»v^ 

Lati-r  yii.‘i‘.i,s  ait-  i^ivcn  in  1  ..ale  2-2, 

Diatut‘U'1' 

Dlankfl.ci' 

Shi*t 

Vifld 

Mi-:!M1)  <-il. 

Cah'ulatt'd, 

K 1  I  or 

1) 

t 

kt 

f( 

■T"-.-i]ri 

‘'m 

Apachf 

1,H50 

7,  IH7 

6,9;i  1 

9.07  1 

ChtTokiH' 

;i,K(!h 

7,820 

H,7I0 

11 1 

Dakota 

1,(180 

0,010 

5,768 

0.010 

Erie 

1  .s 

1,20  4 

3  558 

0.019 

Klatht.'ail 

:57.'i 

4,000 

5,917 

0.021 

Huron 

270 

5,150 

5,597 

0.0  1.5 

Lacro^tii' 

:iH.5 

2, 1 00 

1,849 

0.120 

Navajo 

•4,700 

:t,900 

9,528 

0.058 

Towa 

S.OK) 

10,000 

9,750 

0.025 

Zuni 

a,  500 

8,600 

8,650 

0.00  1 

TABLE  4D 

O 

MAXIMUM 

FIHEBALl  DIAMCIEl?  A<  A 

FUNCTION  OF  YIKLD 

LIstoil  ylvUls 

wt'Cf  usi'd  in 

raU'uiution.s. 

Latfc  ii'liir,  a  ri 

aivtn  in  2.2. 

Di.imoter 

Ul;in)4‘l»‘r 

Shot 

YifUl 

MeaKurwd, 

t  'alfulattMi. 

Error 

“r 

k( 

ft 

fl 

1  *^ni  '■  i 

I'rn 

Apac’hc 

1,850 

7. 187 

7.545 

0-019 

ChiToki' 

a.ooo 

10,105 

9,088 

0, 1  >6 

Uakuta 

1,080 

6,169 

6,180 

0.002 

Erin 

155 

1 ,72  1 

1.588 

0.079 

Flathraii 

;t7r. 

1,065 

4,  106 

0,0,5  t 

Huron 

270 

:!,6:ti 

5.,l«(i 

0.092 

Laontum- 

:iH,5 

2,228 

2,125 

0  0  It) 

Navajo 

4,700 

9,979 

9.900 

0,5)08 

Tfvva 

5,010 

10,052 

10,100 

0.007 

Zunl 

a, 500 

9,061 

9,007 

0,(106 

lABLK  l.i;!  WILSON  CLOUD  KFFKCTS 

L.lsUni  j^li'Lls  Wert:'  (n  t  alcuiLjfioRH.  L)it.‘i-  yl*’l«5s  ;•»(>  jjjivt  «  i?>  I 


D.  -torvuSIdr! 


Tin,’ ‘  mini  M  .txDnum  W  .ViHon  ('U>uiI  MtilUpii' 

FiMmi'  NvuuIk'i  Oli^ioivation,  h’N  «( 


\V  ilsun  vioiul 
VL  I.I  ’ 


kf 


Fl  (r 

Liu  ruM'ii' 

1.5 

59  5 

. . 

Not  ‘.antai 

Huron 

270 

— 

.... 

Mo().i  wli 

itr/,! 

2(15 

7 

;iH 

FI;  5  la -a  5 

58(1 

nu 

5;. 

ll:ikt>T't 

1  , 1  50 

67 

:i:*o 

1,5 

,51 

Ap:;,i'li<  ■ 

1  ,’t(Mt 

1  26 

(.5 

AU 

/uni 

1  20 

Mill 

1,2 

5:» 

N:,  v;.i  in,) 

1.500 

III 

.5;50 

:i.9 

:r,‘ 

‘I'i-.va 

5,000 

(  !;'v 

6 1  !i 

L2 

. .  .,  .  . 

. . .  . 

. .. 
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TAIJl  ;  M  UPIR'S  OF  t'ONTOllRKl)  PHt»T<K;RAPHS 


iViies 

A|(>ei  lure 

Filter 

^’ut  al  Length, 
of  Lens 

Field  ot 

View 

l.o»* 

txlrenic 

Angle'" 

Ran^e 

Altitude 

nim 

degree 

ft 

degree 

f/Jt 

Red  4  NI)  1 

10 

61 

0.39 

26,240  io 

66.7  to 

Blue  ^  N1>1 

43*/* 

28,250 

58,  S 

(76  extreme) 

36300 

Red  4  NUl 

3"^  *  /*  > 

f/11 

Biu,  4  Nbl 

17 

25*/* 
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Figure  4.1  Infrared  s|xjctrum  of  water  vapor  and  carlDon  dioxide. 
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Figurt'  4*4  E  as  a  function  of  anu  S/co;^  %  b  as  a  fu.ricUon  v*f  e.  See  Equation 
3.,1  ioi'  the  stef'nitUyn  of  E,  and  Figiire  3,1  for  C\ 
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Figure  4.5  Correlation  between  predicted  and  etbserved  radiant  exptjsure 
The  radiant  exposure  was  predicted  by  the  method  described  lu 
belerence  22.  The  re.su  '  are  reported  areording  to  aircraft;  X  (B-57); 

{B-47);  4  (B'6P).  The  ietterj?  used  to  identify  tine  events  are  the  initials 
of  the  code  name  of  Table  3,3,  i.e.,  A  for  Apache,  and  so  forth. 
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t  igure  4.6  Corrc'latlon  between  predicted  and  observed  radiant  exposure. 
The  radiant  exposure  was  predicted  through  Qrec  -  1-45  W  cos  % 

The  results  are  reix)rted  ac  ordlng  to  aircraft:  X  (B-57);  O  (B-47); 

▲  (B-B6).  The  letters  are  the  initials  of  the  code  names  of  the  events  as 
given  in  Table  3.J. 
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Figure  4.8  Irradiance  as  a  function  of  time  for  narrow  spectral  regions, 
Shot  Dakota.  The  letters  identifying  the  various  curves  are  explained  in 
Table  4,5. 
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Figure  4.12  Absorption  spectrum  of  NO 
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Figure  4. IK  C«)mparjaon  of  NO-  absurptioii  fspectra'.o 
with  tyi>icai  shot  si-kn;;!  ra... 


Angle  From  Edge  of  Fireball  Sphere,  Degrees 


I'fg  re  4.14  Scatterln#  ol  light  from  region  aurroundlng  Shot  C«koU>,  In  Htd  light. 
The  leans  are  vertical  (front  and  rear)  and  horizontal  l'l,HS  and  RHS)  through  the 
fir  jbU  center. 
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Uunt  5-^/:Sea-Rea 


AngEf  F?orn  Firtbaii  Edg«,  OD^roct 

Figure  4.16  Scattecing  of  !lgh*  (r<tm  the  upper  right  aei'tum  al  f.(w  reglijin  surrounding 
Shot  Zuhl,  in  Red  light. 
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Figure  -4.111  Hydrodv namie  growth  of  Shol  l^acroane. 
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Fi(urc  4.19  Hydrodynamic  growth  of  Shot  Huron. 
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W  Figure  4.20  Hydrodyn&mU  growth  SlK)t  /uni. 
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FIfar*  4.23  LoeaUco  oi  Dakota  and  tu  covarlnc  Aircraft. 


^ise 


Figure  4.23  Growth  of  fireball,  Shot  Dakota. 


Rad lus- Thickness  (feer) 


Ab  s;  f  pt  ion  Shell 


•ir.Aft 

1 

1 

1 

1 

y 

▼ 

w 

f 

!a  9f  a  a  V 

1  .5< 

Radius 

«  i 

A  * 

1 

1 

? 

▼ 

X 

-t 

▼ 

1 

4 

1000 

. — o.  ij 

▼ 

a  A  ^^75 

*  i 

t 

1 

A  y 

•+ 

A  *  X  . 

r 

1 

1 

X 

-  J 

%f  \t/\J 

Thickness 

1 

X 

Dakota 

j 

•t 

+  36300  1 

X 

T  36236 

■  RED 

200 

.  36242 

1 

A  36299  j 

.  36233 

■  BLUE 

i  X  36241 

+■ 

J 

100 

_ 

0.1  0  2  0  5  10  2  0  so  10 

t  (seconds) 


Kl^jure  4.24  Cmwth  <>(  abHiirplion  shell,  rfhut  I)aki(t;(, 


150 


SECRET 


p'urc  4-26  T''pical  brightness  plot  of  fireball,  Shot  Dakota.  This  is;  -  'aine  65  (second  thermal  flux 
aximumK  Series  36236  Red.  The  fireball  is  somewhat  overexposed  in  the  reproduction  and  some  of 
e  contrast  (for  example,  in  the  neighborhood  of  the  absorption  shell)  :  lost. 
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Figure  4.27  Partition  of  thermal  flux  from  one  Red  phonograph,  Sho  Dakota. 


T(m«,  S«cond» 


Figure  4.2R  Maximunri  brightneM.s  hist  rv  oi  fireball,  Shot  Dakota 
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Fij^ure  4.29  Cloud  and  water  brlghtr'  spes  in  Red  Series  36236,  Shot  Dakota. 
The  solid  line  is  a  radiometer  curve  foi  Dakota  for  the  region  7,000  to  9,000  A. 
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Brightness  (Arbitrary  units) 


Figure  4.30  Aureole  of  Shot  Dakota,  Frame  wero.  in  two  polarizations. 
See  text  f  )r  discussion- 
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Angit  From  Firoboll  Fdgo.  Dtgroot 


Figure  4.31  Aureole  brightness  on  Framjs  36249  <9)  and  36250  (<<>),  measured 
on  a  central  scan  to  the  right  of  the  lireball.  Shot  Dakota,  The  (ho;  izontal) 
angular  extent  of  the  fireball  is  shown  to  the  left  of  each  curve. 
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Srightness  Figures  p  ^ 

for  Dokoto  of  jj  i-  :it|on<i 


Fi»^jre  4.32  Brightness  as  viewed  on  eight  scans.  Shot  Dakota. 
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F'lgure  4.33  Speed  of  growth  of  fireball  and  shock  froth  radil. 


SSCRET 


J 


»  ♦ 

oi  oj 


<0  «v 

oi  — 

A4ISU9C)  ttijij 


00 

d 


<• 

d 


.c 

.5f 

0) 


a 

0) 

JC 

h 


<M 

CO 

c  JS 

a  > 

CO  r: 


m 

eo 


0^ 

-C 


^  <l> 

a>  u 

1’^ 


161 

SliCI  £Y 


r 


'T' 

I  ! 


T 


% 


«w 

Si 

T 


I 

s 

5 

X 


5 

I 

t 

I 

% 

M 


? 

e 

•> 

A* 

I 


•*001 


-S  I 


165 


SECRIT 


SECRET 


Bri?S’n*$»,  Afbitrofir  U«if»  iLin#ar  Scol*) 


Ir  iglU'e  4,41  Blue  flreb;dl  >.''ight»e8S  contour.  Shot  Dakota.  Contour  corrected  for  ;dr 
scattered  light  and  for  intrinsic  llnibdaikenlng,  Jissundng  timt  this  darkening  in  tlae 
same  as  that  of  the  sun  (see  text).  ITiis  iirocedure  results  In  an  overcorrectlon. 
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Chapter  5 


CONCLUSIONB  AND  RECOIOIENDA*  IONS 


5.1  CONCLUSIONS 

The  large  amount  of  data  cnrected  from  aircraft  tndlcatea  that  the  thermal  yield  can  be  pre¬ 
dicted  for  the  device!*  anaiyzeo,  l.e.,  for  yield*  ranging  from  15  kt  to  4.6  Mt. 

5.1.1  Thermal  fcapoeure.  Thermal  measuiements  indicate  that  the  formula  evolved  In  Ref¬ 
erence  1  in  the  analyela  of  the  transfer  of  radiant  energy  from  a  nuclear  device  through  the 
atmosphere  may  be  unduly  complicated  when  considered  from  the  point  of  view  of  the  present 
state  of  the  art  of  the  msas'  remeri;  of  high  thermal  fluxes.  As  a  comparison  of  Figure  4.6 
with  Figure  4.5  will  show,  It  la  po*.slbl*  to  use  a  slnopler  empirical  ejqnresslon  for  predicting 
the  thermal  exposure  encountered  by  aircraft  In  the  Pacific  area.  In  essence,  the  empirical 
formula, 


Q  >  1.45  (W/D^)  cos  Vi  0  cos  0  (5.1) 

la  an  approximate  form  of  the  more  detailed  formula  of  Reference  1  whose  constant  la  a  slowly 
varying  function  of  the  moisture  content  of  the  air,  the  albedo  of  tne  underlying  surface,  the 
scattering  by  haae,  the  itelgfat  of  the  bomb  burst,  and  the  velocity  of  the  aircraft  where  the 
measurement  f't  Q,  the  thermal  exposure,  is  made,  bi  a  particular  climatic  region  and  under 
the  test  configurations  used.  It  appears  that  Equation  5.1  adequately  predicts  the  test  results. 
Additional  requirements  to  equations  of  the  form  of  Equation  5.1  will  require  more  precise  and 
consistent  measurements  of  the  thermal  energy. 

bi  Equation  5.1,  the  symbols  are  W,  ihe  weapon  yield  in  kUotons;  D.the  slant  range  in  kilo¬ 
meters,  Q.the  thermal  exposure  In  cal/cm’;  d.the  zenith  angle  Indicated  In  Figure  3.1;  and 
the  angle  between  the  normal  to  the  detector  surface  and  the  line  Joining  this  surface  with  the 
center  of  the  fireball.  For  a  detector  pointing  at  the  fireball  «  0  while  for  a  horizontal  de¬ 
tector  ^  e.  The  angle  ^  expresses  the  reduction  in  projected  area  of  an  irbltrarlly  oriented 
receiver  when  exposed  to  the  direct  thermal  radiation  of  the  fireball. 

No  evidence  has  been  found  In  the  analyzed  thermal  data  that  admits  of  Including  other  factors 
such  as  weather  or  the  albedo  of  the  underlyUur  surface  to  refine  the  prediction  capabilities  of 
Equation  5.1.  The  results  exhibit  too  much  fluctuation  to  support  a  more  detailed  predictive 
formula. 


5.1.2  Backacattered  Radiation.  The  t  leaaurements  of  backscattered  radlatlc  i  Indicate  that 

on  the  average  t^  aircrew  will  suffer  between  radiant  exposure  from  back- 

sca  cered  radiation  as  thay  ^ould  from  being  exposed  to  the  direct  thermal  radiation.  These 
measurements  were  made  in  the  early  morning  when  scattered  clouds  were  reported.  The  evi¬ 
dence  la  that  Equa  ion  4. 1  can  be  used  to  pi  edict  Qgg  If  ^  >  0  and 

10-*Q>QBg>  10-»Q 

5.1.3  Thermal  Eaqioeurt  of  Air  VerJlE  Ground  Bwsta.  The  evidence  upon  which  the  follow¬ 
ing  conclusions  are  based  la  not  extensive,  being  based  on  the  alrburst  of  Cherokee  as  compared 
with  the  barge  shot  Zunl  and  a  ime  additional  information  gained  from  Dakota. 
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It  appears  from  a  comparison  of  the  Cherokee  and  Zuni  data  that  devices  of  the  same  yield 
give  about  the  .•lame  thermal  exposure  at  a  given  point  in  the  atmosphere.  Independent  of  the 
fact  that  one  is  an  atrburst  and  the  other  a  8urfa<  e  burst.  Unfortunately,  as  tne  me  isurementg 
were  restricted  to  zenith  angles  of  50  i  5"  and  an  albedo  of  the  order  of  0.6,  these  tests  neither 
proved  nor  disproved  the  presence  of  a  strong  buildup  factor  for  sufface  burats  backed  by  a 
surface  whoso  albedo  approaches  unity  . 

Conflicting  evidence  exists  for  the  radiation  temperature  of  surface  bursts  versus  alrbursts. 
R  appears  from  the  Infrared  filter  data  (0.7  to  2.5-micron  wavelength)  that  a  3,000'^  k  black 
body  temperature  used  in  Reference  1  for  the  surface  burst  and  the  6,000°  't  black  body  tem¬ 
perature  used  for  the  atrburst  p -'edicts  the  division  of  energy  In  the  Infrared  to  suitable  accu¬ 
racy.  However,  this  may  be  somewhat  fortuitous  because  the  theoretical  predictlors  of  Ref¬ 
erence  1  are  tested  in  this  case  with  broad  bandpass  filters  whose  transmission  characteristics 
are  somewhat  dependent  on  wavelength  (Figure  2.15).  An  attempt  -it'as  made  to  arrive  at  the 
color  temperature  of  Dakota,  a  megaton-range  surface  burst,  by  correcting  for  ail  known  ab¬ 
sorptions  In  the  wavelength  Interval  over  which  radiation  wa  -  received.  From  this  analysis, 
it  appears  that  a  surface  burst  may  reach  a  temperature  as  high  as  5,000  to  6,(X)0°  K. 

a 

5.1.4  Spectral  Distribution  of  Thermal  Radiation.  Analysis  of  the  measurements  o*  the 
radiant  exposure  for  several  broad  regions  of  the  visible  and  near- infrared  spectrum  of  Sho; 
Dakota  leads  to  the  following  conclusion.  The  spectral  distrlbutior  if  energy  In  a  megaton- 
range  surface  burst  is  not  Inconsistent  with  that  to  be  expected  from  a  black  body  radiator  at 
5,000  to  6,000°  K,  whose  thermal  Irradlance  is  modified  by  water  vapor  and  carbon  dioxide 
absorption  In  the  atmosphere.  Effectively,  little  radiation  is  transmitted  through  long  paths 
in  Pacific  air  for  wavelengths  In  excess  of  1  micron,  except  in  a  few  narrow  bands  particularly 
between  2.0  and  2.5  microns. 

5.1.5  General  Conclusions.  The  radiometers  and  calorimeters  form  a  consistent  set  of 
thermal  radiation  receivers.  By  this  It  is  meant  that  the  integrated  radiometer  data  gives  the 
same  value  of  radiant  exposure  as  that  measured  by  the  calorimeter  to  within  the  limits  of 
variability  of  the  two  types  of  instruments.  As  an  alternate  method  of  comparison,  the  differ¬ 
entiated  calorimeter  data  agrees,  with  the  irradlance  measured  directly  by  the  radiometers. 

This  second  method  of  comparison  is  not  as  satisfactory  as  the  first  from  a  technical  standpoint 
because  of  the  large  amount  oi  smoothing  involved.  If  future  tests  are  made  that  require  filters 
to  be  used  on  the  thermal  detectors,  the  detectors  should  be  radiometers  instead  of  calorimeter 
The  filters  used  during  Operation  Redwing  were  broadband  types.  Information  concerning  the 
energy  received  in  narrower  bands,  such  as  might  be  derived  by  subtracting  the  energy  trans¬ 
mitted  through  two  filters  with  overlapping  transmission  bands,  requires  that  radiometer  data 
be  used  if  the  source  Is  changing  in  temperature.  The  radiometer  data  is  then  integrated  over 
the  time  to  give  the  thermal  exposure.  When  filters  are  used  on  calorimeters,  he  (Equivalent 
of  the  above  procedure  should  be  done.  It  Is  for  this  reason  that  radiometers  are  to  be  prefer¬ 
red  over  calorimeters  when  filters  are  used. 

The  scaling  la  .vs  In  respect  to  time  to  maximum  irradlance  and  the  shape  of  the  power  curve 
seem  to  be  In  accord  with  those  presented  in  Reference  1. 

There  Is  no  detectable  difference  In  the  time  at  which  maximum  irradlance  is  reached  for 
the  various  regions  of  the  visible  and  infrared  regions  of  the  electromagnetic  spectrum  as 
selected  by  the  various  filters.  The  experiments  were  niot  designed  to  optimize  these  measure¬ 
ments,  and  these  conclusions  are  drawn  from  derived  rather  than  primary  data.  However,  it 
seems  justified  to  say  that  to  within  *  10  percent  of  the  time  required  for  the  unfiltered  energy 
to  reach  maximum  irradlance,  no  dlfleience  is  noticed  among  the  filtered  irradlance  curves  in 
respect  to  imax  •  case  of  the  largest  thermonuclear  events,  the  10  percent  uncertainty 

in  time  is  only  of  the  order  of  Vio  second.  These  curves  can  be  normalized  in  such  a  way  that 
b  they  show  that  the  Irradiance  at  longer  wavelengths  falls  off  less  rapidly  than  the  irr  4dlance  tn 
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the  visible.  This  point  will  not  b«  labored  here  because  there  is  relatively  little  transniitted 
energy  at  these  long  wavelengths.  Furthermore,  the  data  from  which  this  conrlusion  is  drawn 
contains  large  random  errors. 


5.2  RECOMMENDATIONS 

5.2.1  Calorimetric  and  Radiometric  Measurenn  its.  Analy  .s  of  the  data  used  as  a  basts  of 
this  report  shows  that  the  usefulness  of  the  data  was  limited  pi  marily  by  the  calibration,  pro¬ 
cedure.  It  would  not  be  overstat  ag  the  case  to  suggest  that  little  acdltional  information  is  to 
be  gained  by  amassing  more  data  of  a  similar  nature.  On  the  other  han.h  If  calibration  tech¬ 
niques  and  schedules  for  field  checking  can  be  develooed  so  that  the  calibration  constants  oi 
each  instrument  for  each  event  are  known  —  includiii,,  detectors,  filters,  and  atmosphere  as 
well- — it  may  be  that  more  meaningful  prediction  equations  t-.m  be  developed  from  new  data. 

This  would  be  espt'clally  true  after  instrumentation  has  been  subjected  to  ejctreme  thermal 
exposures. 

It  further  appears  that  more  information  can  be  obtained  through  the  use  of  radiometers  as 
the  basic  measuring  Instrument  Instead  of  calorimeters.  This  recommendation  is  made  with 
the  realization  that  Talle  2.4  indicates  that,  at  the  present  stage  of  development,  the  c  iOi'lm- 
eters  are  apparently  more  stable  than  the  radiometers.  However,  from  the  overall  system 
point  of  view,  there  does  not  appear  to  lx.‘  any  significant  difference  between  radii  meters  and 
calorimeters.  Rate  data  such  as  given  by  the  radiometers  is  of  greater  theoretical  Interest 
than  integrated  data  given  by  the  calorimeters.  When  necessary,  the  rate  data  can  be  summed 
to  give  radiant  exposure. 

Future  Instrumentation  engineering  should  Include  methods  to  eliminate  the  problem  of  de¬ 
tector  or  filter  e]q[X)8ure  to  adverse  environment  conditions  during  takeoff  and  low-altitude  flight 
where  moisture,  dust,  oil,  fuel,  and  other  foreign  matter  apparently  obscure  the  viewing  port. 

A  final  comment  Is  made  with  full  realizaiton  that  other  overriding  considerations,  such  as 
the  safety  of  personnel,  may  preclude  the  suggestion  from  being  seriously  considered.  It  is 
suggested  that  more  attention  be  given  to  maximizing  the  information  content  of  these  eiq}erL- 
ments  through  positioning  of  the  aircraft  and  detectors.  During  Operation  Redwing,  it  appears 
that  too  often  aircraft  were  too  closely  bunched  in  range  and  elevation  angle  even  though  they 
were  flying  at  different  azimuths.  All  indications  are  that  the  range  and  elevation  angle  are  the 
most  sensitive  parameters  for  the  prediction  of  the  radian*  'xp^sure,  i  xc  luding  of  course  the 
all-important  device  yield.  If  more  detailed  information  is  to  be  gained  on  the  modifications 
Introduced  by  surface  and  cloud  albedos,  and  the  atmosphere  in  general,  a  better  experimental 
configuration  is  necessary. 

5.2.2  Further  Analysis  of  Photographic  Data.  In  the  eecessarlly  limited  effort  of  preparation 
of  Ihls  report.  It  has  been  possible  to  consider  only  those  topics  which,  a  priori,  appeared  to 
have  the  most  interest.  The  photographic  coverage,  while  far  from  cumplete  (and  In  fact,  for 
some  of  the  devices,  quite  scanty),  still  contains  at  leaf.'  as  much  anaiyzable  information  about 
thermal  effects  as  has  been  presented.  Furthermore,  the  photographs  contain  valuable  dal '  on 
the  physics  M  the  growth  of  the  detonation.  Suggestions  for  'orther  reduction  of  the  data  are 
given  herein.  In  kddttton,  there  are  presented  suggestions  for  <ie  Improveme”!  of  the  collection 
and  analysis  of  future  photographs  of  the  typ*'  descrll>ed  In  this  report.  Particularly,  It  should 
be  noted  that  the  thermal  effects  of  nuclear  devices  could  more  easily  be  evaluated  If  the  details 
of  the  particular  test  detonjtions  (special  shielding,  experimental  devices,  and  th  like)  were 
released. 

Significant  improvement  In  the  mlcrodensltometrk  aralysis  would  result  if  the  slit  width  and 
height  could  be  reduced  to  about  A  third  their  present  size.  Further  rediK  tlon  would  be  of  little 
help  Ik  cause  of  the  granularity  of  the  emuisions. 

In  general,  the  variation  of  the  various  thermal  and  physic, ;il  phenomena  with  device  yield  lia^. 
not  been  treated.  Only  generalized  dlscusrions  of  the  aureole,  thermal  flux  partition,  .botspots. 
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plURH  ,  and  absoi'ption  aheL  have  been  presented.  (An  exception  he  Wilson  cloud,  for  which 
the  time  of  inception  as  a  function  of  yield  is  given  in  Chapter  4.)  P  would  be  desirable  to  aen- 
erate  scaling  laws  for  these  effects. 

'n  the  following  discussion  *he  various  phenomena  are  divided  Into  those  that  have  nonnegii- 
gibie  effect  on  the  thcrn.iii  flux  and  those  tiuit  are  of  interest  from  a  device-physics  viewpoint 
only,  bi  passing.  It  should  be  mentioned  that  future  data  analysis  should  be  more  strongly 
correlated  with  existing  tlH^oretlcal  and  ejqperimental  information,  than  was  possible  fn  the 
preparation  of  this  report. 

Thermally  importaiit  phenomena,  besides  being  of  Interest  i  the  physics  of  the  detonation, 
contribute  measurably  to  the  thermal  flux.  The  plume  appears  to  develop  earlier  for  smaU 
aurface-detonated  devices.  A  l^drodynamical  study  of  its  development,  as  viewed  from  sev¬ 
eral  observation  aiHfiles,  would  be  of  Interest. 

There  exists  sufficient  data  to  uelineate  further  the  intensity  and  angular  distribution  of  the 
aureole  as  a  function  at  fireball  extent  and  surface  brightness,  In  frames  before  breakaway. 
There  Is  also  data  on  these  aureole  properties  as  a  function  of  angle  of  observation.  However, 
such  data  exists  only  for  Red  and  X^laroid  photographs. 

Asymmetry  may  be  of  considerable  importance  In  that  It  may  make  the  thermal  flux  az'  nuth- 
angle  dependent.  It  would  be  desirable  to  scan  all  detonations  to  check  on  this  effect,  whU  h 
appear^  to  be  definitely  established  for  Dakota  (Chapter  4). 

In  general,  It  Is  quite  difficult  and  time-consuming  to  prepare  isophot  contours  of  the  photo¬ 
graphic  frames,  and  In  light  of  the  Iciaccuracles  involved,  further  efforts  in  this  direction  are 
not  eq;>ecl&lly  recommended.  However,  a  consistent  program  of  brightness  comparisons  would 
give  Inqnrtant  Information  on  the  albedos  of  islands  and  shock  froth  and  especially  of  clouds. 
The  contribution  of  the  light  scattered  from  clouds  Is,  as  has  been  Indicated,  a  particularly 
ephemeral  problem.  The  angular  dependence  o.  t)w  shock  froth  albedo  is  as  yet  not  understood; 
there  is  evldeime  that  the  direct  albedD  is  smaller  for  low-anf  le  observers  (Section  3.2.6). 

Further  work  should  be  done  on  the  hgrdrodynamlcs  of  the  absorption  shell  and  on  the  limb 
darkening  histories  of  the  several  flreltmlls.  In  particular,  the  scaling  of  surface  contours  is 
of  ini  irest.  Another  program  of  some  importance  is  the  correlation  of  absorption  shell  prop¬ 
erties  with  the  temperature,  density,  and  pressure  profiles  of  Reference  29.  It  is  not  recom¬ 
mended  that  furtlier  light-abaorptkm  meaaurements  be  made,  as  the  best  examples  of  this  effect 
have  already  been  analyzed  and  even  those  give  indifferent  re’^ults. 

Physical  effects  have  a  direct  perturbing  effect  on  the  thermal  flux  of  less  than  3  percent. 
Measurement  of  the  tir  e  history  of  the  position  and  brightness  of  the  horizontal  dark  belt  run¬ 
ning  across  the  firebali  may  aid  in  explaining  this  phenomenon. 

The  klnematlca  of  hot  spota  (bright  and  dark  areas  In  Rad,  Blue,  and  Polaroid)  could  be  de¬ 
rived  from  the  photographs.  Speeds,  number,  space  distribution,  alzes,  and  brightness  histories 
may  ba  compared  among  tha  aeveral  datonatlons.  The  hot  spots  may  aid  in  determining  how  far 
Into  tha  flrebkll  the  camera  sees  in  early  frames. 

'Hia  Blue  fireball  shows  considarable  surface  structure,  a{q>earlng  lumpy  or  puffy.  This 
proudUy  has  s  nontrivial  effect  on  the  Blue  flux.  AltH  ugh  it  would  be  difficult  to  gather  mean¬ 
ingful  quantitative  data  on  so  diffuse  a  phenomenon  aa  this,  some  sttsd/  of  tt  is  indicated. 

Although  the  Red-Blue  intercomparison  is  made  difficult  by  the  sensitization  and  sensitivity 
differences  of  the  rsceptors,  the  Polaroid  pairs  suffer  from  no  such  drawback.  No  gross  dlf- 
feirences  between  the  two  polarizations  apfx  '^red  in  the  analysis  of  the  Dakota  pair  (Chapter  4), 
which  were  made  with  cameras  having  errat  c  shutters.  However,  the  information  content  of 
these  photograpua  is  by  no  means  exhausted,  and  a  more  thorough  analysts  of  thin  pair  and  of 
the  Apache  pair  ia  definitely  indicated. 

S.  should  be  mentioned  that  the  problem  has  not  been  approached  from  a  viewpoint  of  atmos¬ 
pheric  transmission.  In  a  qualitative  sense  no  strong  atmoopheric  attenualion  differences 
among  Red,  Blue,  and  Polaroid  are  resolved.  Nevertheless,  it  might  be  advantageous  to  re¬ 
view  the  results  presented  bore,  and  any  future  results,  from  a  stanc^lnt  of  atmospheric 
scattering  and  attenuatiun. 


172 

SICiliT 


5.2.3  Future  Data.  Analysis  of  the  Redwing  date,  has  shown  that  gi‘eat  ivUiprovement  could 
be  nade  with  small  changes  In  receptors  and  sensitometry.  More  fundamental  changes,  involv¬ 
ing  serious  overhaul  of  the  apparatus  witlvjut  guarantee  of  commensurate  Improvement  In  the 
data,  have  also  corns  to  mind;  these  would  include  camera  'rtl^aign  to  synchrool^e  the  Fiames 
Zero  and  to  lower  flare  light. 

It  was  found  In  auxiliary  experiments  that  the  shape  of  the  H  and  D  curves  varied  with  the 
filter  used  In  the  sensitometer.  Consequently,  there  8;:ou«d  be  some  Inaccuracies  in  the  H  and 
D  curves  because  the  sensitizing  lamp  does  not  match  the  spectrum  of  the  detonation,  ft  should 
be  a  relatively  stiaightlorward  matter  to  expose  auxiliary  strips  of  film  tnrough  a  step  tablet 
and  correct  filters,  to  the  detonation  itself.  Such  a  procedure  has  been  used  in  the  experiments 
of  Reference  27.  Enough  exposures  fur  the  determination  of  the  proper  development  procedure 
for  V  =  1  can  readily  be  made  with  the  same  camera. 

Furthermore,  standardized  processing  and  further  calit 'rating  procedures  siiould  be  develop¬ 
ed  to  enable  absolute  brightness  measurements  to  be  made.  With  Knt^wn  absolute  brightnesses 
and  Intercomparable  cameras,  atmospheric  transmissions  can  ’se  measured.  Furthermore, 
observations  from  various  angles  wUl  give  information  on  the  departure  from  Lambert  scatter¬ 
ing  of  various  surfaces. 

The  surface  of  the  detonation  is  sufficiently  bright  to  allow  narrower,  sharper  optical  filters 
to  be  used.  The  spectral  response  of  each  filter  should  be  routinely  checked  tn  the  laboratory, 
before  and  after  the  test  series. 

The  exposures  In  the  Redwing  series  were  generally  too  low;  In  no  case  was  film  saturation 
observed,  but  in  one  or  two  cases  (notably  Dakota  Red  30236)  there  was  a  lens  flare  and  a  Italo 
around  each  frame,  presumably  due  to  flare  scattering.  In  particular,  the  Blue  exposures 
were  too  low  to  show  the  albedo  properly,  espechilly  near  breakaway.  Even  an  Increase  of  a 
factor  100  In  some  Blue  series  should  be  considered,  in  spite  of  the  burnout  and  Increase  in 
flare  light  that  this  may  engender  near  cecond  thermal  flux  maximum.  9ich  exposures  viould 
provide  data  on  the  Blue  aureole,  on  the  attenuation  of  the  Blue  shocked  air,  and  on  the  details 
of  the  Blue  fireball  near  thermal  flux  minimum. 

The  films  used  are  quite  satisfactory,  and  the  positions  of  the  centers  of  the  Red,  Blue,  and 
Polaroid  passbands  are  well  chosen.  More  Polaroid  photographs,  should  be  taken,  especially 
with  telephoto  lenses,  for  a  closer  examination  of  tlvt  absorption  shell,  hot  spots,  and  other  fea¬ 
tures.  The  shutter-opening  fluctuations  of  the  GSAP  cameras  n:uBt  be  corrected.  A  study  of 
the  falloff  of  apparent  brightness  of  off-axial  points  would  be  useful.  Every  reasonable  effort 
should  be  made  to  reduce  spurious  flare-light  effects. 

Although  synchronized  cameras  opening  at,  say,  1  msec  after  time  zero  would  be  desirable, 
no  critical  questions  have  arisen  that  cannot  be  answered  with  present  unsynchronlzed  systems. 
Synchronized  systems  are  of  more  importance  in  cameras  with  higher  framing  speeds  running 
•«p  to  time  of  breakaway. 

ft  atqpears  that  during  Operation  Redwing  no  consistent  attempt  was  made  to  position  the  air- 
craft  at  uniform  observation  angles.  There  are  no  phenomena  particular  to  any  individual  de¬ 
vices  that  are  best  viewer;)  from  a  preferred  anf^e;  an  improved  device  Intercomparison  would 
result  if  standard  angles  were  chosen. 

One  viewing  angle  should  be  about  20*  from  the  horizontal,  to  permit  further  measurements 
o!  the  attenuation  of  the  abaorptlon  shell  (such  as  those  described  In  S  ction  4.6.3).  Ideally, 
Islands  and  cluud?  should  be  behind  tih»»  abeorp  on  shell  and  air  pNick,  to  act  as  viewing  screens. 

It  has  been  noted  that  the  data  fulled  to  give  information  on  the  scattering  and  attenuation  of 
the  atmosphere  as  separate  from  the  proper  thermal  effects  of  the  device.  As  mentioned  ear¬ 
lier,  absolute  Intercomparison  among  film  series  would  throw  light  on  this  problem.  However, 
lor  good  results  it  Is  necessary  that  the  aircraft  be  at  ranges  with  extremes  differing  by  at 
least  a  factor  of  3.  During  Operation  Redwing,  the  ranges  rarely  differed  by  more  than  a  fac- 
Dr  of  1.5. 

Finally,  there  is  the  suggestion  t!»it  the  GSAP  cameras  photograph  an  artificial  light  source 
of  known  brightness  at  surface  zero,  at  say,  1  second  before  time  zero.  However,  practical 
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liilfirultiPH  a»'i8p  In  desinninF  a  source  s>o  pxltMidi^d  as  t«»  siilitf'iid  an  anFlt*  lari-;-  l  omp  irnd,  to 
the  tilrn  and  lens  resolution.  The  souree  must  also  he  t)n  for  a  tloie  ion^!,  enou^di  to  in.sure  ilrat 
ihe  GSAP  shutter  will  be  open  at  least  onee  (  - 15  msec).  There  is  ronsideralde  effort  involvefJ 


^  n  ani44’j»^<V  <M«H  aMTo-a 

•  up  ***'7  ‘avj'uis.i'  riL  ouaacal  it 

small  further  effort  of  usin({  auxi' 
for  measuring  the  transmission 


if  this  wvre  done  it  wimlii  jii.siify  iiie  reiaiiveiy 


“V  iiefor.used  still  eameras  (oi*  other  photometrie  apparatus) 
.■"attei  ing  of  the  atmosphere. 
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Department  of  the  Navy  OPKAV  Ifistnictlon  03400. JB,  Department  of  Ihft  Air  Foret  AFL  136-1, 
Murine  Publications  NAVMC  1104  ReV;  Revised  Edition,  1  June  1956;  Prepared  by 

Armer'  Forces  Special  Weapons  Project,  Washi'igton,  D.C.;  Secret  Restricted  Data, 

3.  F,  A.  Guerrera  and  A.  GroBsman;  'Operation  Red^ ing  Handbook  for  Calculating  Ther¬ 
mal  Energy";  ARA" 253;  Allied  Research  A, ssoclateo,  Inc.,  .Boston,  Massachusetts. 

4.  " Handlxjok ;  ttjieratlon  and  Service  Instructions,  Gun  Canif  rx,  Ti'pe  N-9’‘;  Technical  Order 
AN  lO-lOCf.l-25,  1  February  1954;  Department  of  the  Air  Force  and  Department  of  the  Navy. 

5.  ’Mllustrated  Parts  Breakdown,  Gun  Camera,  Type  '.rechnic?t  Order  AX  lO-lOCB- 

27,  20  May  1  54;  Departnmnt  of  the  Ai'  orce  and  Department  of  the  Navy 

0.  A.  Broido  and  A.  B.  Willoughby;  J.O.S.  A,,  48,  344-350;  (1958) 

7.  "Corning  Glass  Filters”;  1948,  Corning  Glass  Works,  Corning,  New  York;  Unclassified. 

8.  C.E.K.  Mees;  ‘“^The  Theory  of  the  F  .ographic  Process’*;  1954;  The  Macmillan  Book 
Co.,  New  York,  N.  Y.:  Unclassified. 

9.  J,N.  Howard,  D.  L.  Burch,  and  D.  ,/illlanis;  “Near-Infrared  Transmission  Through 
Synthetic  Atmospheres”;  Geophysics  Research  Paper,  No.  40,  November  1955;  Air  Force 
Cambridge  Research  Center,  L.G.  Hanscom  Fio'.d,  Massachusetts;  Unclassified, 

10.  F,  E,  Fowle;  “  The  Transparency  of  Aque  ,  .,<.  Vapor”;  Astrophys.  J.,  42,  394-411  (1915); 
Unclassified. 

11.  H.H.  Holmes  and  F.  Daniels;  “The  Photolysis  of  Nitrogen  Oxides;  N^Oj,  N2O4  and  NOj”; 
J,  Am,  Chem,.  Soc.,  56,  630-837  (J  >34);  Unclassified. 

12.  J.K.  Dixon.  "The  Absorption  Coefficient  of  Nitrogen  Dlo.’tide  tr  the  Visible  Spectrum"'; 

J.  Chem.  Phya.,  9,  157-180  (1940);  Un;  lasstficd. 
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14.  L.  Harris  and  G.  W.  King;  “The  Infrared  Absorptior  Spectra  of  Nitrogen  Dioxide  and 
Tetroxlde”;  J.  Chem  Phys.,  2,  51 -57  (1934);  Unclassified. 

15.  H.  E.  Nightingale  et  al;  "The  Prepat  dlon  and  IiiLared  Spiectra  of  the  Oxides  of  Nitrogen"; 
J.  Phys.  Chem.,  58.  1047-1050  (1054);  Unclassified. 
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Journal,  255,  189  (ifial):  Unclaaslflrd. 

16.  R  Rwh'id.iri.  '"''ableM  of  the  Refr.-'’tlve  Istdex  for  Standard  Air  and  the  Rayleigh  Scstier- 
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San  Francisco,  California. 

25  S.L.  Krinov;  “Spectral  Reflectance  Properties  of  Natural  Formations";  Technical  Trans¬ 
lation  TT  439,  1953;  National  Research  Council  of  Canada,  Ottawa,  Canada;  Unclassified. 

26.  H.C:  VandeHulst;  “Scattering  In  the  Atmospheres  of  the  Earth  and  the  Planets”,  In 
“The  Atmospheres  of  the  Earth  and  Planets)”,  Kulper,  G, P,,  ed;  University  of  Chicago  Press, 
Chicago,  Illinole;  1949  (Supp.  49-112);  Unclassified. 

27.  R.  Eldrldge;  Unpublished  data;  Technical  Operations,  Incv,  Burlington,  Massachusetts; 
Unclassified. 

28.  N,  Haskell;  internal  report;  Air  Force  Cambridge  Research  Center,  L.G.  Hanscom 
Field,  Massachusetts;  Secret. 

24.  H.  L.  Erode  and  R.  E.  Meyerott;  “Thermal  Radiation  from  Atomic  Detonations  at  Times 
Near  Bieakaway”;  RM-1851,  August  >956;  The  RAND  Corporation,  Santa  Monica,  California; 
Secret  Restricted  Data. 

30.  S.  Fritz;  “Solar  Radiation  and  Its  Modification  by  the  Earth  and  Its  Atmosphere”;  In 
“C  mpendlum  of  Meteorology”;  American  Meteorological  Soclr-ty;  1951;  p.  27;  Boston,  Massa¬ 
chusetts;  Unclassified. 

31.  A.  Angstrom;  “On  the  Albedo  of  Various  Surfaces  of  Ground”;  Geographical  Ann.,  7, 
323-342  (1925) ;  Stockholm,  Sweden;  Unclassified. 

32.  “Summary  Report  of  the  Commander,  Task  Unit  3,  Military  Effects  Programs  1-9”; 
Operation  Redwing.  ITR  1344,  November  1956;  Office  of  the  Deputy  Chief  of  Staff,  Weapons 
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1.76 

SECRET 


37.  R,  Walker;  private  communication;  Air  ^orce  Cambridge  Resaarch  Center,  f,.G. 
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40.  Hugh  E.  DeWitt;  "A  CompU  -tlon  of  Spectroscopic  Observations  of  Air  Around  Atomic 
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Figure  A.?;  Shot  F^rie,  Series  34565,  Frame  1,  Red.  25  mm,  B-57a 
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Figure  A.5  Shot  Erie.  Serlea  34665,  Frame  4.  Red.  25  mm,  B-ST. 


Figure  A. 6  Shot  Erie,  34065,  Frame  5,  Red,  25  mn*.  B-67. 
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Figure  A.8  Shot  Erie,  S®i  ie»  34565,  Frame  II 
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Figure  A.U  Shot  Erie,  Series  34565,  Frame  24,  Red,  25  mm,  B-57 


SECRIT 


Figure  A.  14  Shot  Erie,  Series  34565,  Frame  46,  Rod,  25  mm,  B~67. 
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Figure  A.  17  Shot  Lacrosae,  Series  31587,  Frame  Zero,  Blue,  f.l.,  25 
mm,  B-57. 
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Figure  A. 21  Shot  Lacrosse,  Series  31587,  Frame  6,  Blue,  f.l.,  25  mm, 
B-57. 


Figure  A. 22  Shot  l^acrostKe,  Serie«  31587,  Frame  li.  Blue.  f.  1..  25  mm 
B  57. 
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Figure  A. 23  Shot  Lacrosse,  Series  31587,  Frame  13.  Blue,  f.l. ,  25  mm 
B-57. 


Figure  A. 24  Shot  lacrosse.  Series  31587,  Frame  18.  Blue,  f.l..  25  mm, 
B  57. 
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Figure  A.25  Shot  Lacrosse,  Series  31587,  Frame  23,  Blue,  f.l 
B-57. 


Figure  A  26  Shoi  Lacroese,  Series  31587,  Frame  30,  Blue,  f.l. 
B  57. 
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Fifpire  A.,;'I2  Sh^st.  Huron,  S©rl%»  37606,  Franne  23,  BJue.  .B-57. 
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^  Figure  A. 38  ShotWuior  ,  Series  37505,  Frfttre?  2&  Blue.  B-r7. 
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Flg,\ir«;  A.40  Shot  Huron,  Horlea  317505,  Fsaove  1S3,  Blut;,  B  57. 


1,»7 

SiCRff 


A 


A  KdlhifcK  <  *»**Mite**>  •»•»»  in** 


<4  !s*S.,*, 


.|b  1,4= 


#»* 


lit  fit 


J  ._,k, 


'I 


:LYi 


1‘Sns 


!t*^:;r't  V 


■%'• .  •*,  ■  *  ,■-♦•. 


^;' 


4*fx 


“^ir 


^  PS 


%■ 


34 


.  p-»-T 


ik 


K^P 


-l\  •>•.  .  u.  ' 


•-'  ♦  .'  ■<":.  if".  ••■  .”'1!^ 

^  '  '*..  -A  ■ 


IM 


o:;;l,;-;'.V'‘>-  -  .'VV.'"'  ':■>'  ■  /i 


■  ‘  '  -I:-  •,  P"-- 
\  -i  '.  '-■-’■I  I- 


'^>4 


'•It'TF 


■'•■>  .  t.  ■■  ■:|  '  ,■!' 

•t’-'.  4''t- 


;.  <  ii^-  '•! 


•  .  "  r» 


Figure  ^J,S2  S'hot  Dakota.,  Series  36231,  Frame  ISO,  Blue,  f.,1.,  17  mm,  H- 5 


Flg^ire  A.183  Shot  Dukita,  Seri»;s  36233,  Frame  Zero,  Blue,  f»3  .,  10  mm, 

B-47. 


Figure  A,  184  Shot  Dakota,  Serie#  362S3,  ( rarae  30,  Slue,  f,  l„,  1(1  mirt,  B-47, 
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Figure  A, 1.85  S,hot  Dakota,  Series  36233,  Frame  45,  Blue,  f.l«,  10  mni,  B-47. 
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Fig!ire  A.SS6  Shot  Djikota,  Seriej^  36233  Franue  50,  Blue,  f.l.,  10  rium,  B~47. 
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Figure  A.  187  Shot  Dakota,  Series  36233,  FraL.ie  65,  Blue,  f.l.,  10  mm,  B  47 
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Figure  A.  189  Shot  Dakota,,  Series  36233,  Frarue  115,  Blue,  f.l.,  10  mm,  n-47. 
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Figure  A.  190  Shot  Dak  >ta.  Series  36233,  Fx'ame  150,  Blue.  f.  J  ,  10  ram,  B  47. 
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Figun.'  A.20i^  Shol  Serled  36236,  France  375,  Hert,  f.I.,  10  mm,  B  47. 
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t'lgure  A-209  Shot  Dakota,  Serins  3024?,  i  rame  150.  Mine,  f.l.,  17  nun.  B-66. 


282 

SECRET 


_ it_.. 


Am 


...  .J,  . 


Figure  A. 211  Shot  Dakota,  Series  36241,  Frame  350,  Blue,  f.l.,  ?  mm,  B-66. 
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rlgur*  A. 21 2  Shot  Dakota,  Series  36242,  Frame  /ero,  Ked,  f.  t..  17  msn.  B  06 
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Figure  A. Shot  Dakota,  So rie«  36250,  Frame  4,  Polaroid  </>,  f.l.,  17  mm, 


Figure  A. 2.26  SI  ot  Dalcota,  Series  36250,  Frame  0,  Polaroid  */«,  1J„,  17  mm 
B-fiO. 
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Figure  A. 227  Shot  Dakota,  Serlefi  36250.  Frame  16.  Polaroid  A,  f.l.,  17  mm, 

B-66. 


Figure  A,  228  Shot  Dakota,  Series  36250,  Frame  24,  Polaroid./.,  f.l.,  17mm, 
B  00. 
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Figure  A. 230  Shot  Dakota,  Seriea  S62J0,  Frame  64,  Polaroid  </>.  17  mm, 

B  66. 
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Figure  A. 231  Shot  DakoU,  Series  a<i2r>0,  Frame  89.  Polaroid  .  f.l.,  H  mm 
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Figure  A. 247  Shot  D;ikota,  Series  3t>21>9,  Frame  150.  Blue,  f.l.,  17  mm,  B'57 
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Figure  A.249  Shot  Dfikota,  Serlea  36299.  Frame  190.  Blue,  f.l..  17  mm,  B-IT. 


Figure  A.250  Shot  Dakota.  S*  rlea  36299,  Frame  225,  Blue,  f.l.. 


17  I  Em,  B-57. 
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Figure  A. 251  Shot  Dakota,  Series  36299,  Frame  275,  Blue,  f.l.,  17  mm,  B-57. 
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Figure  A. 253  Shot  Dakota.  Series  36300,  Frame  57,  Ked,  f.l,,  17  n/m,  B-57 


Figure  A. 2.54  Shot  Dakota,  Series  36300,  Frame  <17,  Red.  f.K,  ?7  mm,  B-57 
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Figure  A. 255  Shot  DakcXa,  S«‘rietJ  363<)(>.  Frame  77,  Red,  f.l..  17  mm.  B  57. 
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Figurt!  A.::.'  ;;  Shot  Dakota.  Series  3fi30n,  Frame  87,  Rt  d,  f.l.,  17  mm,  B  57 
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Defense  Threat  Reduction  Agency 

45045  Aviation  Drive 
Dulles,  VA  20166-7517 


L. 


October  1 1.  2000 


MEMORANDUM  TO  THE  DEFENSE  TECHNICAL  INFORMATION  CENTER 
ATTN:  OCQ 


SUBJECT:  DOCUMENT  UPDATES 


Tlie  Defense  Tlircat  Rediictioi\  Agenev  Security  Office  has  perfonned  a  classification  review  of 
the  following  two  documents.  Tlie  dociunenls  classification  lias  been  cliangcd  and  tJic  distribution 
statements  added  to  read  as  stated  below: 

WT-1333,  AD-361768.  UNCLASSIFIED.  STATEMENT  A  .  Operational  Redwing,  Project  5.7. 
Tlicnnal  Flu.\  and  Albedo  Measurements  from  Aircnift. 

WT-1334.  AD-3399 10.  UNCLASSIFIED.  STATEMENT  A.  Operation  Redwing.  Project  5.8. 
Evaluation  of  tlie  A3DI  Aircraft  for  Special  Weapons  Deliver)'  Capability. 

If  you  have  any  questions,  please  call  me  at  703-325-1034. 


ARDITH  JARRETT 

Chief.  Technical  Resource  Center 


04A4/M04  23:13  5058536977 
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DEFENSE  THREAT  REDUCTION  AGENCY 

Defense  Throat  Reduction  Information  Analysis  Center  (DTRIAC) 
1680  TEXAS  STREET  SE 
KIRTUAND  AFB,  NM  87117-5669 


14  April  2004 

BDQ  (505)  846-0847 

To:  Larry  Downing,  DTIC 

Subject:  Re-Review  of  DNA  reports 

Here  is  the  sixth  increment  of  the  results  of  the  re-review  project 
See  Attached  List 

We  will  send  more  as  they  are  reviewed. 


COTR, 

Defense  Threat  Reduction  Information 
Analysis  Center  (DTRIAC) 
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REPORT  NO. 

AD  NO. 

CLASS 

DISTRIBUTION 

DASA1254 

333113 

Unc. 

C,  Software  Documentation 

DASA 1420  Chapter  7 

C020626 

Unc. 

C,  Admin  -  Operational 

DASA  1420  Chapter  1 1 

C020628 

Unc. 

C,  Admin  -  Operational 

DASA  1958 

383870 

Unc. 

C,  Test  and  Evaluation 

DNA  2808 

519841 

Unc. 

C,  Test  and  Evaluation 

DNA  301 4F 

524387 

Unc. 

C,  Test  and  Evaluation 

DNA  3070F 

526432 

Unc. 

C,  Test  and  Evaluation 

DNA  3273F 

529507 

Unc. 

C,  Test  and  Evaluation 

DNA  331 5F 

530559 

Unc. 

C,  Test  and  Evaluation 

POR  6723 

531141 

SFRD 

Wt  1333 

361768 

Unc. 

A 

WT  1334 

339910 

Unc. 
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